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ABSTRACT

Author: Vidal-Gómez, Ulianova. Ph.D.
Institution: Purdue University
Degree Received: December 2017
Title: Associative Learning of the Generalist Predator Podisus maculiventris to
Herbivore-Induced Plant Volatiles
Major Professor: Ian Kaplan

Following herbivore attack, plants produce volatile organic compounds (HIPVs
for herbivore induced plant volatiles) that allow predators to find and consume
herbivores. The generalist predator Podisus maculiventris likely uses HIPVs in its
foraging decisions. I hypothesized that the behavioral responses of this predator to HIPVs
are acquired via associative learning, as suggested by theoretical predictions linking
natural enemy host range with odor preferences. To evaluate P. maculiventris learning
capabilities across different levels of biological organization, I use the tri-trophic system
consisting of tomato (Solanum lycopersicum), hornworm caterpillars (Manduca sexta),
and the predaceous stinkbug Podisus maculiventris to answer the following questions:

(1) Does P. maculiventris innately respond to specific host-plant volatiles? Are P.
maculiventris olfactory preferences modified by experience? Specifically, I
assessed whether and how this generalist predator acquires preference to hostplant volatiles after being exposed to the HIPV-prey association. First, naïve
(i.e., lab reared in colony) and experienced (i.e., field collected) individuals
were allowed to choose between scents released by caterpillar (M. sexta)
damaged tomato plants vs. undamaged plants. Additionally, conditioned

xii
females, a group that previously experienced the tomato plant-M. sexta
association, were tested for their preference in field enclosures. I found that
only field-collected males showed orientation to odors released by caterpillardamaged plants and naïve lab-reared individuals showed no preference. When
conditioned females were tested in the field, they clearly chose M. sexta
damaged plants (Chapter 1).

(2) Is P. maculiventris olfactory processing affected by the number of
associations/reinforcements, developmental stages and memory? Do naïve
predators differ from HIPV-conditioned ones at a neurophysiological level?
Here, I trained individual predators to associate a conditioned stimulus (the
synthetic HIPV methyl salicylate, or MeSA) with an unconditioned stimulus
(hemolymph extracted from the tobacco hornworm M. sexta as food).
Subsequently, I assessed adult and nymph preferences toward MeSA. I found
that: (1) Conditioned nymphs showed an orientation response to MeSA,
whereas adults did not display a strong preference upon conditioning,
suggesting that olfactory learning abilities vary with developmental stage, (2)
Nymphs that responded positively to MeSA retained this association for ca. 6
days, which indicates long term memory formation, (3) The response of
nymphs was the same regardless of the number of volatile-food pairings, and
(4) Differences in olfactory processing between nymphs and adults are
displayed at a neurophysiological level in the brain information processing
centers (Chapter 2).

xiii
(3) Does learning improve P. maculiventris foraging efficiency in complex odor
environments? In this part of the study, I measured the effects of associative
learning and plant volatile camouflage on predator behavior and foraging
efficiency in field enclosures. To do so, I compared experienced vs. naïve
individuals in simple vs. complex environments. “Simple” habitats consisted
of tomato alone, whereas “complex” environments were created using either:
(1) tomato surrounded by basil, or (2) tomato exposed to the synthetic volatile,
methyl salicylate (MeSA). I found that: (1) experienced predators were more
efficient than naïve predators, capturing 28% more prey, (2) the tomato-basil
combination did not affect predator-prey interactions, and (3) constitutive
emission of synthetic MeSA caused a 22% reduction in P. maculiventris
predation rate. Additionally, I documented that these ecological differences
correspond with distinct shifts in predator foraging behaviors (Chapter 3).

Overall, these results not only suggest that associative learning is the mechanism
underling HIPV attraction, but also that P. maculiventris can be conditioned to natural
and synthetic HIPVs, specifically, MeSA. This study also enhances our understanding of
olfactory processing across predator development, an area that is unexplored in any
arthropod species.

1

INTRODUCTION

Arthropod predators use olfactory cues to locate their prey, but chemical
information derived from the prey itself is often minimal because of selection for reduced
apparency to foraging predators (De Boer et al. 2004; De Boer and Dicke 2004b). To
overcome this barrier, predators also use cues from the prey’s environment (De Boer et
al. 2004). An example of this strategy is natural enemy attraction to herbivore-induced
plant volatiles (hereafter HIPVs). Following herbivore attack, plants emit volatile organic
compounds that are reliable indicators of prey presence and identity, and therefore favor
the recruitment of parasitoids and predators (Turlings et al. 1995; Drukker et al. 2000a;
De Boer et al. 2004).
The information provided by HIPVs is highly variable. Induced volatile profiles
vary across different host plants—even when attacked by the same herbivore—and
herbivores, even when they attack the same host plant (Drukker et al. 2000a). Further,
HIPVs can vary across different plant genotypes attacked by the same herbivore (Degen
et al. 2004). Moreover, many predators are generalist, which significantly expands the
range of information that must be considered to trace a potential prey item (Drukker et al.
2000b; De Boer and Dicke 2006). In a review of the concept of “dietary specialization
and infochemical use in natural enemies” proposed by Vet and Dicke (1992), Steidle and
van Loon (2003) proposed that learning to recognize chemical cues as signals of
prey/host presence and/or absence is an adaptive strategy, especially for generalist
carnivores that live in changing environments and face abundant information. Therefore,
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it is expected that generalist predators learn to respond to chemical information as long as
variation is predictable within the predator’s lifetime (De Boer and Dicke 2004a, 2006;
Dukas 2008).
The behavioral response of arthropods to an olfactory cue such as HIPVs is a
complex process that results from the interaction of innate preferences (i.e., those that are
genetically programmed) and acquired preferences (i.e., those that result from learning);
however, it is difficult to observe differences experimentally (Drukker et al. 2000b; De
Boer and Dicke 2006; Matthews and Matthews 2010). It is also difficult to determine if
preferences are acquired because several mechanisms of learning are possible (Matthews
and Matthews 2010). Predators learn to recognize odors in two ways: (1) sensitization,
defined as a gradual increase in response to a stimulus with increasing exposure to that
stimulus (Drukker et al. 2000b; De Boer and Dicke 2006), and (2) associative learning, in
which an animal makes associations between a conditioned stimulus (e.g., an HIPV) and
an unconditioned stimulus (e.g., food), resulting in a conditioned behavior (i.e., attraction
to HIPVs when paired with food rewards; Drukker et al. 2000b; De Boer and Dicke 2006;
Glinwood et al. 2011; Sznajder et al. 2011).

Sensitization - associative learning
In their classic work on this topic, Dicke et al. (1990) demonstrated how
Phytoseiulus persimilis (a generalist predator) is able to recognize volatile blends
produced by different plant species in response to Tetranychus urticae attack. This
discrimination depended on previous experiences of predatory mites with HIPVs. In this
study they showed that predators reared on spider mites on cucumber or lima bean plants,
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preferred the odor of T. urticae-infested cucumbers or lima bean plants, respectively.
After lima bean-reared predators were transferred to cucumber leaves with spider mites,
their preference changed gradually in 1 week towards a preference for the volatiles of T.
urticae-infested cucumber plants. Similar results were found in other studies (e.g.,
Takabayashi and Dicke 1992). Dicke et al. (1990) suggested that this predator learned by
prolonged exposure to cucumber odors or sensitization (see also Drukker et al. 2000a; De
Boer and Dicke 2004b, 2006).
Drukker et al. (2000a) argued that sensitization cannot be the mechanism behind
P. persimilis response. In a similar experiment, they demonstrated that naïve,
inexperienced predators have a poor or null preference for volatile chemicals until they
first perceive odors in association with a rewarding or unrewarding experience. They
offered P. persimilis stimuli in realistic combinations (odors from spider-mite-infested
bean leaves in association with prey presence, and clean air in association with prey
absence) and unrealistic combinations (clean air odor from undamaged tomato plants
associated with prey, and odor from spider-mite-infested bean leaves associated with prey
absence). In both cases, predators responded according to the context and not according
to how familiar their parental strains were with the odor, or the time of exposure to the
stimuli, a result that was interpreted as associative learning rather than sensitization.
In another example of associative learning, Drukker et al. (2000b) examined how
the predator Anthocoris nemoralis (Hemiptera: Anthocoridae) coped with variation in
prey and host plant and associated HIPVs (the volatile methyl salicylate, or MeSA).
Previous experiments indicated that anthocorids may use MeSA and (E,E)-α – farnesene
to find their prey (Scutareanu et al. 1997). Then, Drukker et al. (2000b) showed that bugs
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that had naturally been exposed to plant volatiles from Psylla-infested pear trees were
attracted to MeSA, while laboratory-reared anthocorids exhibit this attraction only
after prior experience. This predator is able to associate MeSA to a positive
(satiation) or negative (starvation) experience and adjusts its responses accordingly
(Drukker et al. 2000b).
The idea that associative learning is the mechanism that underlies predator
processing of olfactory information such as HIPVs to identify and locate potential prey
has gained acceptance in recent years. But aside from predatory mites that have been
broadly studied (e.g., Phytoseiulus persimilis, Amblyseius andersoni, and Amblyseus
finlandicus) and parasitoid wasps (see Lewis and Tumlinson 1988; Papaj and Vet 1990;
Smid and Vet 2006; Hoedjes et al. 2011), there are only few examples in predaceous
insects: the ladybug Coccinella septempunctata (Glinwood et al. 2011), and the
hemipterans Anthocoris nemoralis (Drukker et al. 2000b), Orius spp. (Ardanuy et al.
2016), and Nesidiocoris tenuis (Rim et al. 2017).

Herbivore induced plant volatiles
HIPVs are compounds produced by plants in response to herbivore attack
(Turlings et al. 1995; Kessler and Baldwin 2001). It is widely accepted that they act as
signals for other organisms by modifying their environment and triggering changes in
their behavior (Kessler and Baldwin 2001; Kost and Heil 2006). Moreover, it is believed
that these volatiles function as plant indirect defenses by recruiting parasitoids and
predators, first demonstrated by Dicke and Sabelis (1988), who discovered attraction of
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the mite Phytoseiulus persimilis to volatiles emitted by bean plants (Phaseolus lunatus) in
response to Tetranychus urticae attack.
HIPVs are highly specific in tri-trophic systems (Takabayashy et al. 1994a,
1994b), which allows natural enemies to discriminate different volatile blends associated
with their prey from those of non-prey (De Moraes et al. 1998). This characteristic
combined with the fact that they can be easily manipulated in the field make HIPVs a
new alternative for agricultural pest control (Rodriguez-Saona et al. 2012).
According to Rodriguez-Saona et al. (2012), there are three possibilities for
manipulating HIPVs in agricultural fields: (1) using synthetic versions of HIPVs, (2)
using phytohormonal elicitors of HIPVs to increase their endogenous production, and (3)
increasing HIPV emission via genetic engineering. Regardless of the method selected, the
response of predators could be detrimental if they attract natural enemies when prey are
absent. The constitutive emission of these compounds may disrupt associative learning,
resulting in predator aversion to HIPVs when these compounds are paired with prey
absence. Identifying the mechanism that underlies the response of predatory insects
to HIPVs could provide the necessary elements to overcome this obstacle
(Rodriguez-Saona et al. 2012).

Study system
Podisus maculiventris (Say) (Hemiptera: Pentatomidae)
The spined soldier bug is a generalist predator that inhabits many crops in the
U.S. (McPherson 1982; Wiedenmann and O’Neil 1992). It has a wide range of prey,
including several insect larvae that are major vegetable pests, such as the Colorado potato
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beetle (Leptinotarsa decemlineata) and the tobacco hornworm (Manduca sexta; HoughGoldstein and McPherson 1996; Sant’Ana et al. 1999). O’Neil (1988) reported
P. maculiventris attacking fourth instar larvae of the Mexican beetle Epilachna varivestis
at a rate of 0.4 attacks per predator per day, a number that remains consistent across a
range of prey densities. High predation rates have also been reported for P. maculiventris
in augmentative and conservation biological control of tomato looper Chrysodeixis
chalcites (DeClerq et al. 1998), viburnum leaf beetle Pyrrhalta viburni (Desurmont and
Weston 2008), and recently, the chrysomelid Microtheca ochroloma (Montemayor and
Cave 2011). The capacity of P. maculiventris to maintain prey populations at low levels,
combined with its ability to be reared on artificial diets and high reproductive rate, make
this predator one of the most valued biological control agents in the U.S. (Coudron et al.
2002; Mahdian et al. 2006; Montemayor and Cave 2011). Furthermore, natural
populations of P. maculiventris are widely distributed, while all life stages (i.e., eggs,
nymphs, and adults) are commercially available for purchase and mass release to control
pest infestations (Rincon-Vitova Insectaries, Inc., Ventura, CA).
Because of its importance in biocontrol programs, P. maculiventris has been the
subject of numerous studies focused on nutritional requirements, diet effects on
development, reproduction, and long-term cold storage (e.g., Legaspi et al. 1996;
Wittmeyer and Coudron 2001; Mahdian et al. 2006; Coudron et al. 2002, 2007).
Unfortunately, studies related to its ecology and/or behavior are less common.
One key attribute that allows P. maculiventris to control pest populations in
variable environments is its foraging behavior (Wiedenmann and O’Neil 1992). This
predator uses information from several sources to locate its prey, but signals from
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volatiles produced by the prey’s host plant are considered to be central in prey search and
capture (Wiedenmann and O’Neil 1992; Sant’Ana and Dickens 1998, 1999). Once the
predator is within striking distance of its prey, it likely uses other signals, such as plantborne vibrations produced by prey feeding (Sant’Ana and Dickens 1998, 1999). To
understand how this insect perceives and responds to chemical signals produced by
herbivore-damaged plants would allow scientists to increase the efficiency and
effectiveness of this predator as a pest control agent.
In some of the only published work on Podisus-HIPV interactions, the
electrophysiological response of P. maculiventris to 23 semiochemicals that included the
male produced aggregation pheromone and plant volatiles were tested. The synthetic
pheromone blend of P. maculiventris caused greater responses than leaf extracts overall;
however, the green leaf volatiles (E)-2-hexenol and (E)-2-hexenal were, in general, the
most effective odorants tested. This experiment was also conducted with nymphs, which
showed the same response as with adults (Sant’Ana and Dickens 1998). The antennal
segments were sequentially extirpated as the volatiles were tested and this resulted in a
decreased electrophysiological response, suggesting that receptors for these compounds
are distributed over the distal three segments of the five-segmented antennae. An
important conclusion is that this predator deciphers semiochemical messages at a
physiological-level, but it is unknown whether this results in attraction to the prey’s
habitat (Sant’Ana and Dickens 1999).
Similar work by Dickens (1999) used gas chromatography/electroantennogram
(GC/EAD) recordings to determine which chemical signals emitted by beetle-damaged
potato plants (Solanum tuberosum) are detected by predaceous stinkbugs, including the
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generalist P. maculiventris and the specialist Perillus bioculatus. Of the 20 compounds
tested, linalool, nonanal, methyl salicylate (MeSA) and indole produced an increased
response in both predators, though the sensitivity of the specialist P. bioculatus to these
HIPVs slightly exceeded that of the generalist P. maculiventris. The combined works of
Sant’Ana and Dickens from 1998 to 1999 reveal the potential importance of HIPVs such
as linalool, MeSA and (E)-2-hexenal in the foraging behavior of P. maculiventris.

Research objectives
The goal of the set of experiments included in this dissertation research is to
elucidate across different levels of biological organization, the processes that drive
olfactory responses of generalist predators to HIPVs. To understand how P. maculiventris
recognizes and learns to associate plant volatiles with prey location is a challenge that
will allow us to understand foraging and olfactory processes in this important group of
insects. Therefore, the three main chapters of this research are focused on testing the
following questions:

CHAPTER 1: Behavioral responses of the generalist predator P. maculiventris to HIPVs
(a) Is the preference to HIPVs innate or acquired?
(b) If acquired, is sensitization or associative learning the process underlying
this preference?
(c) How is the predator’s behavior modified by learning these olfactory cues?
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CHAPTER 2: Developmental differences in learning, memory, and olfactory processing
in a predaceous insect
(a) Does olfactory learning vary across different developmental stages (i.e., early-late
instar nymphs vs. adults)?
(b) How many conditioning events (i.e., experiences) are necessary to learn attraction
to HIPVs?
(c) How long is attraction maintained after learning occurs?
(d) Do naïve predators differ from HIPV-conditioned ones at a neurophysiological level?

CHAPTER 3: Learning improves the foraging efficiency of a generalist predator in
complex odor environments
(a) Do experienced predators outperform naïve ones in finding and killing prey?
(b) Does olfactory learning improve foraging in environments with increased
volatile complexity?
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CHAPTER 1: INNATE AND LEARNED RESPONSES OF THE
GENERALIST PREDATOR PODISUS MACULIVENTRIS TO
HERBIVORE INDUCED PLANT VOLATILES

1.1 Introduction
To locate prey, predaceous insects heavily rely on olfactory cues that provide
relevant information about the prey itself and/or the prey’s environment (Price 1981; Vet
and Dicke 1992). Assessing the quality of these cues is a complex process that results
from the interaction of innate preferences (i.e., those that are genetically programmed)
and acquired preferences (i.e., those that result from learning; Drukker et al. 2000; De
Boer and Dicke 2006; Glinwood et al. 2011). If olfactory responses are modified by
experience, the success of subsequent foraging should be substantially improved (De
Boer and Dicke 2006; Ishii and Shimada 2010). Learning is thus the mechanism that
allows predators to fine-tune their behavior to respond to fluctuating resources and
thereby adapt to environmental change (Steidle and van Loon 2003; Dukas 2008; Ishii
and Shimada 2010). Here, I focus on evaluating whether predators innately respond to
host-plant volatiles induced by their prey or if olfactory preferences are modified by
experience. Specifically, I assessed whether and how a generalist predator acquires
preference to host-plant volatiles after being exposed to these compounds in the
presence of prey.
What we know about olfactory learning in predators is largely based on empirical
studies that investigated the effect of learning cues emitted from herbivore-damaged
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plants (hereafter, HIPVs for herbivore induced plant volatiles). Following herbivore
attack, plants emit volatile organic compounds that are indicative of prey presence and
identity, and therefore result in predator attraction (De Boer and Dicke 2006; Heil 2008;
Dicke and Baldwin 2010). Although it is difficult to determine the process by which
predators acquire preference to HIPVs because several mechanisms of learning are
possible (Matthews and Matthews 2010), it is assumed that predators learn to recognize
these compounds in two ways: (1) by sensitization, defined as a gradual increase in
response to a stimulus within increasing exposure to that stimulus (Drukker et al. 2000;
De Boer and Dicke 2006), and (2) associative learning, in which individuals make
associations between a conditioned stimulus (e.g., an HIPV) and an unconditioned
stimulus (e.g., food), resulting in a conditioned behavior (i.e., attraction to HIPVs when
paired with food rewards; Drukker et al. 2000; De Boer and Dicke 2006; Glinwood et al.
2011; Sznajder et al. 2011). The idea that associative learning is the mechanism that
underlies predator processing of olfactory information such as HIPVs to identify and
locate potential prey has gained acceptance in recent years. But aside from predatory
mites that have been broadly studied (e.g., Dicke and Sabelis 1988, and subsequent
studies) and parasitoid wasps (e.g., Lewis and Tumlinson 1988; Papaj and Vet 1990;
Smid and Vet 2006), there are few examples in predatory insects (see Drukker et al.
2000; Glinwood et al. 2011; Ardanuy et al. 2016; Rim et al. 2017).
Podisus maculiventris is a generalist predator that inhabits many crops in the
United States (Wiedenmann and O’Neil 1991a, 1991b). It has a wide range of prey,
including several insect larvae that are major vegetable pests, such as the tobacco
hornworm Manduca sexta (Hough-Goldstein and McPherson 1996). Because of its
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importance in biocontrol programs, P. maculiventris has been subject of numerous
studies focused on nutritional requirements, diet effects on development, reproduction,
and long-term cold storage (e.g., Legaspi et al. 1996; Wittmeyer and Coudron 2001;
Coudron et al. 2002; Mahdian et al. 2006; Coudron et al. 2007). However, studies related
to its ecology and/or behavior are less common.
Although there is an apparent response of P. maculiventris to HIPVs
(Wiedenmann and O’Neil 1992; Sant’Ana and Dickens 1998, 1999; Dickens 1999), no
previous studies have assessed if this preference is innate and/or acquired, and if
acquired, which mechanism drives this response. Therefore, in this study, I used the
system consisting of the tomato plant (Solanum lycopersicum), hornworm caterpillars
(Manduca sexta), and the predaceous stinkbug (Podisus maculiventris) to evaluate the
effect of a predator’s previous experience on subsequent olfactory preferences. First,
naïve and experienced individuals (i.e., lab reared in colony and field collected,
respectively) were placed in field cages and allowed to choose between scents released
by caterpillar damaged vs. undamaged tomato plants. Next, naïve females were
conditioned to tomato HIPVs by linking these odors with M. sexta as a reward.
Subsequently, conditioned and unconditioned females were also tested for olfactory
preferences in field enclosures. In both cases I predict that: (1) Predators modify their
olfactory preferences based on information acquired through experience, and (2) It is
possible to condition the olfactory response of predaceous insects by pairing HIPVs
with rewards.
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1.2 Methods
1.2.1 Insects and plants
Two groups of P. maculiventris predators were used in this study. The first group
included “naïve” individuals that were not exposed to HIPVs. These insects were reared
in a laboratory colony originally established with eggs and nymphs from Rincon-Vitova
Insectaries (Ventura, CA) and supplemented yearly with field-caught individuals from
pheromone traps in local populations (West Lafayette, IN). The colony was maintained at
16:8 LD cycle at 22 – 26 °C with water, bean plants, and mealworms, Tenebrio molitor,
as prey. The second group included “experienced” individuals that were naturally
exposed to HIPVs. These predators were collected in-and-around organic tomato crops
established at the Purdue Student Farm (1 mile from the Purdue University campus, West
Lafayette, IN) using aggregation pheromone as an attractant (following the formulation
outlined in Aldrich et al. 1984 and adapted by Legaspi et al. 1996).
The hornworm caterpillar, M. sexta, is a specialist on plants in the Solanaceae,
mainly consuming tobacco and tomato leaves in its larval stage. In this study, I used 4th
instar caterpillars from a laboratory colony maintained on germ-based artificial diet and
reared as neonates until use in conditioning protocols.
Tomato plants (Solanum lycopersicum cv. MP1) were grown in 11 cm (0.74 L)
pots under greenhouse conditions (18 – 22 °C) in commercial soil enriched with
Osmocote® (14-14-14) slow release plant food (Everris NA Inc., Dublin, OH, USA).
Tomato seeds were provided by Dr. Michael Gutensohn in the department of Horticulture
and Landscape at Purdue University (West Lafayette, IN). All experimental plants were
standardized by height (20 – 25 cm).
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1.2.2 Experiment 1: Is the preference to HIPVs
innate or acquired?
To evaluate if P. maculiventris is attracted to HIPVs released by tomato-damaged
plants, and if this attraction is innate or acquired, I designed a field-like environment as
follows (see also Figure 1.1 for illustration). Twelve tomato plants were separated into
two groups of 6 individuals, and placed inside field cages (1 m3, 2 mm mesh pore size)
that were situated 8 meters apart from each other in an open field at the Purdue Student
Farm. The floor of each cage was covered with a metallic tray to support plant pots and to
prevent soil contact. Prior to the onset of the experiment, one group of 6 plants was
exposed to two 4th instar M. sexta for 48 hours to induce volatile production, while the
other group was left undamaged. For the caterpillar-damaged group, only plants with
approximately 30 – 40% leaf area removal were selected for the experiment in an attempt
to standardize the amount of volatiles released, which tends to be damage-dependent. The
6 damaged and 6 undamaged tomato plants were placed in groups on opposite sides of
the cage; relative treatment position within each cage was randomly assigned. The
olfactory test consisted of placing 10 naïve and experienced P. maculiventris individuals,
females and males independently, inside the cages to determine their preference after 30,
60, and 240 minutes of observation. Virgin and mated females were evaluated separately
to account for possible variations related to post-mating physiological changes. To obtain
virgins, last-instar nymphs were randomly selected from the colony and isolated in Petri
dishes. To obtain mated females, recently hatched females were placed in cages and
allowed to interact with males for six days, which is the time required for mating to occur
(Wittmayer et al. 2001). Water and 3rd instar T. molitor larvae were provided for both
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groups. Afterwards, virgin and mated females were deprived of food (but not water) for
two days and then transferred to the field cages to be tested for their olfactory preference.
At each sampling point, the location of each individual was recorded. If predators moved
to damaged or undamaged tomato plants (specifically, to their leaves, stems or pots) or if
they were found on the floor or on the walls adjacent to the perimeter defined by the pots
within each group, the behavior was categorized as a “preference”. On the contrary, if the
individuals were found in the central part of the cage, whether on the floor, the roof, or
the front-rear walls, the behavior was scored as “no preference.” Group identity and
replication was as indicated: naïve virgin females = 50; naïve mated females = 50; wild
females = 42; and wild males = 35. The total number of predators tested was N = 177.
Since behavioral differences were not significant at 60 and 240 minutes, I only report
data from the first sampling point, 30 minutes. Naïve males were not included in these set
of experiments due to a shortage of males in the colony.
In addition to the olfactory test, behavioral units displayed by 10 randomly
selected predators were recorded in 15-minutes intervals. This was done to recognize
relevant behaviors associated with foraging. Six behavioral units were identified: (1)
ANT—antennal vibration, (2) FOR—foraging, walking and moving the antennae at the
same time, (3) STAT—stationary, motionless, (4) WALK—walking, and (5) STY—
stylet extension, a rare behavior pattern (i.e., predators lift their stylet and hold it for a
few minutes in an extended position; Table A.1).
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1.2.3 Experiment 2: Is sensitization or associative learning the
process underlying this preference?
To identify the process underlying olfactory preferences to HIPVs, a conditioning
protocol was established for naïve predators by separating them into two groups: (1)
conditioned females, who were exposed to the HIPV reward (food) association, and (2)
unconditioned females, who were exposed only to food, but not the volatiles.
Conditioned and unconditioned lab-reared adult females were isolated
individually in Petri dishes for 48 hours. Then, cohorts of five conditioned individuals
were placed in mesh cages with five tomato plants. Forty-eight hours prior to the
introduction of predators, I allowed two 4th instar M. sexta caterpillars to feed on each
tomato plant in order to trigger HIPV emission. Unconditioned females were placed in
separate cages with the same number of caterpillars as the group of conditioned females,
but they did not come into contact with any tomato plants. After a 12-hour exposure to
cage environments, both groups were individually isolated in Petri dishes for another 48
hours, during which they received water, but no food. After this period, predators were
transported to the field and placed in experimental cages (5 individuals per cage) to be
tested against odors released by damaged and undamaged tomato plants, as described
above in Experiment 1 (Figure 1.1). Replication was as follows: conditioned
females = 40; unconditioned females = 40. Total predators tested N = 80.
Simultaneously, the behavior displayed by one randomly selected individual was
observed at five-minute intervals for 30 minutes to identify changes in foraging caused
by conditioning (focal sampling). Two behavioral patterns were targeted, ANT and FOR,
due to their relevance for foraging (as previously determined in this study). To evaluate
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precise changes in these behavioral units, they were registered as states, which means that
I calculated the exact duration of each behavior (Altman 1984). Data were collected and
analyzed with JWatcher 1.0. Behaviors were evaluated discretely in separate individuals
to account for independence; therefore, the time predators spent moving their antenna
was calculated for 14 conditioned and 14 unconditioned females. Foraging was estimated
for 22 conditioned and 22 unconditioned females.

1.2.4 Statistical analyses
Experiment 1
To evaluate the response of predators (naïve and experienced females and males)
to olfactory cues in field-like environments, a χ2 contingency table analysis was
performed. The distribution of the estimates was tested with a Pearson χ2. To determine
differences between groups, means for proportions were verified. To analyze preferences
for damaged vs. undamaged plants, a generalized linear model (GLM) was performed
and fit by maximum likelihood with group (virgin females, mated females, wild females,
and wild males) as the explanatory variable, and plant choice as the response variable.
Since the response is defined by two odor sources (damaged vs. undamaged plants),
binomial distribution (log-link function) was assumed. Insects that did not make a
choice (non-responders) were excluded from this analysis, but presented in the figure
as a reference; thus, N in the graphs corresponds to total individuals and n to
responding individuals.
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Experiment 2: Olfactory preferences
As in Experiment 1, a generalized linear model (GLM) was used to analyze
olfactory preferences of females after being exposed to the HIPV-food association. Level
of conditioning (conditioned vs. unconditioned) was included as the explanatory variable,
and plant choice (damaged vs. undamaged plants) as the response variable (n in the
graphs corresponds to responding individuals).

Experiment 2: Behavioral units
To recognize relevant behaviors (Experiment 1), no statistical analysis was
required; therefore, the numbers reported correspond to direct counts (Table A.1; Figure
A.1). To compare behavioral patterns between conditioned and unconditioned females
(Experiment 2), Kruskal-Wallis tests were performed. A non-parametric test was chosen
because the data did not fit a normal distribution. Analyses were completed individually
for each behavior.
All statistical tests were carried out at the alpha = 0.05 level of significance. χ2
contingency table analysis and Kruskal-Wallis tests were completed with JMP 13 (SAS
Insittute Inc., Cary, North Carolina, USA). Generalized linear models were conducted in
R 3.3.3 (R Core Team 2017) and fitted using the package glm2.
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1.3 Results
1.3.1 Experiment 1
Between-group comparisons showed that sex and experience level (naïve vs.
experienced) affected the response of P. maculivetris to tomato olfactory cues (χ2 = 7.98,
df = 3, P = 0.046). Within-group comparisons showed that only field-collected males
displayed a strong preference to odors released by caterpillar-damaged plants (z = 8.38, P
= 0.038; Figure 1.2). Naïve females (virgin and mated) did not display preference
towards damaged or undamaged plants (z = 0.48, P = 0.486 and z = 1.20, P = 0.271,
respectively), as did the field-collected females (z = 1.61, P = 0.203; Figure 1.2).

1.3.2 Experiment 2
Olfactory preferences
Conditioning had a significant effect on P. maculiventris females (z = 0.38,
P < 0.05), which preferred odors released by the damaged tomato plants when tested in
the field (z = 10.86, P < 0.05; Figure 1.3).

Behavioral units
The foraging behavior of predatory females was significantly affected by previous
exposure to the caterpillar-tomato association. After being placed inside field-like arenas,
conditioned females spent more time displaying behaviors associated with foraging than
unconditioned females. They significantly increased the movement of their antenna
(ANT; χ2 = 7.48, df = 1, P < 0.05; Figure 1.4A) and foraged (FOR) more than their
unconditioned counterparts (χ2 = 12.33, df = 1, P < 0.05; Figure 1.4B).
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1.4 Discussion
This study extends our knowledge of the factors that drive learning processes in
predatory insects. By testing the olfactory preference of naïve and experienced
individuals, and conditioning naive predators to respond to tomato-associated cues, I
found that predator attraction to HIPVs is acquired by learning rather than being an innate
response. The results indicate that P. maculiventris is able to link an initially neutral
stimulus (HIPVs), with a positive reinforcement (food), turning HIPVs attractive when
offered in subsequent olfactory tests. This behavioral adjustment implies that predator
preferences are modified in response to environmental cues based on positive or
negative experiences.
In field enclosures, only field-collected males showed orientation to odors
released by caterpillar-damaged plants. Since these individuals were collected near
organic tomato crops, it was assumed that they had already experienced the HIPV-prey
association and accordingly, their positive response to tomato-damaged scents confirmed
associative learning as the mechanism behind this preference. However, field-collected
(experienced) females showed no preference. Previous studies have reported that mating
in P. maculiventris females stimulates egg deposition rather than egg production
(DeClercq and Degheele 1997; Wittmayer et al. 2001). In a physiological context, this
could mean that after mating, female foraging may be inhibited or reduced in order to
trigger oviposition. So even if they recognize HIPVs as indicators of prey presence,
females will not display preference to these compounds. If this is the case, experienced
females must have a mating history that may be influencing their response to the selected
olfactory cues. In males, mating may result in substantial weight loss, as documented in
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other species of the Pentatomidae family (Krupke et al. 2008). In the laboratory colonies,
P. maculiventris males were often observed consuming prey during copulation (VidalGomez, unpublished data). Combined, these data may suggest that males are in urgent
need to recover from their weight loss, which explains why they become active foragers
after a mating event.
Naïve individuals, reared in a colony not exposed to HIPVs, did not respond to
the odor sources, which indicates that if there is a preference towards HIPVs, it is
acquired through experience rather than being an innate response. Despite the fact that
the current study examined the olfactory response of only females after an unexpected
loss of naïve males in the colony, to my knowledge, this is the first evaluation of how
generalist predators respond to volatile cues in field-like environments.
In some of the only published work on P. maculiventris interactions with plant
volatiles, Sant’Ana and Dickens (1998) documented sexually dimorphic responses. Using
electroantennograms (EAGs), they described how sexual differences in the number and
distribution of olfactory sensilla are related to the response of these predators to common
compounds, such as (+)-α-terpineol, benzyl alcohol, and (+)-linalool. Notably, the latter
compounds are present in tomato-damaged volatile headspace (Ament et al. 2004; De
Backer et al. 2015; Silva et al. 2017). This partially explains, at a physiological level,
why experienced females did not respond to the same extent that males did to tomato
associated cues. Although the components of the volatile blend emitted by tomato plants
under the attack of caterpillars—among other herbivores—have been reported (Ament et
al. 2004; De Backer et al. 2015; Silva et al. 2017), further work is needed to account for
predator response to the individual compounds of these complex odor blends.
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To confirm that the behavioral response of P. maculiventris to HIPVs is modified
via associative learning, naïve females (virgins) were conditioned by prior exposure to
the HIPV-food association. Attraction to caterpillar-damaged plants was displayed by
conditioned individuals, which turned HIPVs into predictors of food presence. The use of
a neutral stimulus (tomato HIPVs) that after the association became a conditioned
stimulus and the lack of response of the individuals that did not experience these
compounds (unconditioned females) confirmed that the olfactory preference to HIPVs is
acquired via associative learning rather than sensitization (i.e., by prolonged exposure).
Most of the work on insect olfactory conditioning has been performed on bees
(Giurfa 2007), fruit flies (Busto et al. 2010), and caterpillars (Daly and Smith 2000). In
these sugar-feeding species, a stimulation of taste receptors on the antennae, legs or other
body parts is enough to trigger proboscis extension and feeding on a drop of sugar
solution (Giurfa 2007; Vinauger et al. 2011). In these systems, sugar can represent both
the neutral stimulus and the reward (Giurfa 2007). This is not the case with generalist
predators, which need to experience prey presence to establish associations with detached
odors. Accordingly, if instead of rewards, HIPVs are paired with negative reinforcements
(e.g., prey absence or punishments), aversion to these compounds would be expected.
This is anticipated by theoretical reviews that have warned about the use of HIPVs as
natural enemy attractants. If these compounds are consistently deployed in the field and
rewards are not available, repellence to HIPVs is expected (Puente et al. 2008; Kaplan
2012; Kaplan and Lewis 2014).
Behavioral patterns closely related to foraging (i.e., antennal vibration and
oriented movements) increased after HIPVs exposure. This implies that learning
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processes are adding plasticity to the behavioral repertoire of possible responses
displayed by predators throughout the decision-making process required to approach
profitable resources. Stylet extension, mostly observed in experienced/conditioned
individuals, appears to be triggered after experiencing the HIPV-prey association;
however, no previous studies have reported this singular behavior. These changes also
confirm that P. maculiventris is able to adapt its behavior according to variation in
natural stimuli.
While associative learning has recently been documented in other predatory
arthropods (Drukker et al. 2000; Glinwood et al. 2011; Ardanuy et al. 2016; Rim et al.
2017), the data came from controlled environments where preferences have been
quantified in olfactometers. Extrapolating these results to more realistic environments
may be problematic because the number of combinations of environmental conditions
experienced by predators in the field is infinite and highly variable. Therefore, under
these conditions, it is unknown to what extent predatory insects rely on olfactory or other
cues to locate prey (but see Freund and Olmstead 2000; Janssen et al. 2014). Field
approaches such as the one presented in this study are needed to better understand the
factors that modulate predator olfactory responses and their influence on relevant
behaviors, such as foraging. This information will not only contribute to a better
understanding of predator-prey interactions, but may also open new opportunities to
create specific and sustainable pest control strategies in agricultural systems.
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Figure 1.1 Schematic of the behavioral assays. Experiment 1: To evaluate P.
maculiventris odor preferences, naïve (i.e., lab reared in colony) and experienced
(i.e., field collected) individuals were allowed to choose between scents released by
caterpillar (Manduca sexta) damaged tomato plants vs. undamaged plants. Experiment 2:
Conditioned females, a group that previously experienced the tomato plant-M. sexta
association in greenhouse cages, was tested as in experiment 1. The test consisted of
placing 10 naïve and experienced individuals, females and males independently, inside
the cages to determine their preference after 30, 60, and 240 minutes of observation.
Preference was considered as the group of plants chosen by the insects at the different
sampling points. If a choice among tomato-damaged and undamaged plants was not made
at the end of these periods, it was scored as “no preference”.
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Figure 1.2 Olfactory preference of P. maculiventris in field enclosures. Colony reared
females and wild individuals (males and females) were placed in field cages containing
caterpillar-damaged and undamaged tomato plants. The number of predators found on
each plant 30 minutes after being placed in the field-like arenas was recorded and
analyzed with a χ2 contingency table analysis and a generalized linear model (GLM
binomial distribution). Insects that did not make a choice (no preference) were excluded
from the GLM analysis; thus, N = total individuals and n = responding individuals
(*P < 0.05).
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Figure 1.3 Olfactory preference of conditioned females after experiencing the HIPVfood association. Conditioned and unconditioned females were tested for olfactory
preferences in field cages containing damaged vs. undamaged tomato plants. Choices
between these two groups of plants 30 minutes after predators were placed in field cages
were recorded and analyzed with a generalized linear model (GLM binomial
distribution). Insects that did not make a choice (no preference) were excluded from the
analysis, but presented in the figure as a reference; thus, n = responding individuals
(*P < 0.05).
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Figure 1.4 Time (mean + SE) spent by conditioned and unconditioned females
displaying relevant foraging behaviors: (A) profusely moving their antenna (ANT), and
(B) foraging, moving their antenna, and walking at the same time (FOR). Comparisons
were completed with Kruskal-Wallis tests (*P < 0.05; **P < 0.01; ***P < 0.001).
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CHAPTER 2. DEVELOPMENTAL DIFFERENCES IN LEARNING,
MEMORY, AND OLFACTORY PROCESSING FOR
PREDACEOUS INSECTS

2.1 Introduction
Lacking strong visual acuity, olfaction appears to be the primary sensory modality
that insect predators, along with other animals, use to locate prey (Freund and Olmstead
2000; De Boer and Dicke 2006). Yet, many insects have evolved to be chemically
cryptic, making it difficult for predators to detect their presence in complex odor
environments (De Boer et al. 2004; De Boer and Dicke 2004). As a result, predaceous
insects, along with parasitic wasps, rely largely on indirect chemical cues, those not
derived from the prey itself, but ones associated with living habits. For herbivorous
insects, feeding damage causes plants to release volatile organic compounds (hereafter,
HIPVs for herbivore-induced plant volatiles) that their natural enemies exploit in
foraging (Dicke et al. 1990; Vet and Dicke 1992; De Boer and Dicke 2006). This tritrophic interaction whereby plants reveal the location of herbivores to their consumers is
central to understanding predator foraging behavior (Price 1981; Vet and Dicke 1992).
Because predators are typically generalists and thus filter a large amount of chemical
information compared to specialists (Drukker et al. 2000; De Boer and Dicke 2006),
individuals process and store prior experiences to create olfactory templates—i.e.,
memories—that are used to enhance future foraging efficiency (Vet and Dicke 1992;
Steidle and vanLoon 2003; Ishii and Shimada 2010). Associative learning occurs when
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individuals recall these templates after associating a conditioned stimulus (e.g., an
HIPV), with an unconditioned but biologically relevant stimulus (e.g., food), resulting in
a conditioned behavior (i.e., attraction to HIPVs when paired with food; Drukker et al.
2000b; Glinwood et al. 2011) or aversion, if paired with an unpleasant experience (Giurfa
2007). While more highly studied in parasitoids (Turlings et al. 1993), olfactory learning
is now well-established in several species of predators (Drukker et al. 2000; Glinwood et
al. 2011; Ardanuy et al. 2016; Rim et al. 2017). However, aside from their general
capacity to acquire attraction to HIPVs via associative learning, we have a poor
knowledge of the factors mediating this relationship. In this study, I focus on several
understudied areas that are key to uncovering the process by which generalist predators
learn HIPVs; namely, (1) developmental stage, (2) memory retention, (3) memory
reinforcement, and (4) neurophysiology.

2.1.1 Developmental stage
Unlike parasitoids where adults are the only developmental stage involved in
foraging (i.e., immature offspring are enclosed within the host), most predators consume
prey in their nymph or larval stages. Yet, to my knowledge, it is totally unknown how
olfactory learning changes over the course of a predator’s lifetime. Aside from obvious
differences in morphology and dispersal—typically, adults possess wings whereas
immatures do not—fully mature vs. juvenile individuals likely differ in
neurophysiological plasticity that affects learning. Indeed, among humans, the popular
adage that “old dogs can’t learn new tricks” implies that learning declines with age.
Cognitive aging in humans is related to difficulty in establishing associations between
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single units to create complex memories. Older adults are particularly deficient in
memory tests requiring associations and frequently fail in creating and retrieving links
between stimuli or attributes within events (Naveh-Benjamin 2000; Naveh-Benjamin et
al. 2007). This phenomenon, also documented in primates and rats, causes structural
changes in the brain and seems to be strongly influenced by environmental factors
(Winocur 1998). In primates and humans, differences in myelination, axonal density,
synaptic processes and protein expression accompany this deficit in cognitive
performance (Shi et al. 2012; Sewal et al. 2015); however, the neurobiological basis of
this deficit is poorly understood (Salthouse and Ferrer-Caja 2003). Only a few studies
have explored cognitive aging in insects: aging affected memory consolidation in
Drosophila sp. (Mery 2006), but learning deficits in honey bees (Apis mellifera) were
related to social status rather than aging (Behrends et al. 2007). In these cases, learning
was studied in the context of adult longevity. Aging across major developmental stages
during insect metamorphosis is likely to have even more dramatic impacts on functions
such as learning, but via different mechanisms.

2.1.2 Memory retention
Three forms of memory are described in insects: (1) short-term memory (STM),
which is temporary, decaying a few seconds or minutes after an experience and quickly
replaced by competing information, (2) mid-term memory (MTM), which lasts for a
period of 1 to 5 hours, and (3) long-term memory (LTM) that peaks several hours after
conditioning, requires transcription and protein synthesis, and is retained for several days
or weeks (Giurfa 2013). STM and MTM are thought to be used to perform basic and
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immediate foraging tasks, while LTM is required to exploit resources efficiently, which
implies repeated experience and reinforcement (Menzel 1999). It should be noted that
retention estimates are largely based on model organisms such as honeybees and fruit
flies (Stough et al. 2006; Ishii and Shimada 2010; Hoedjes 2011; Giurfa 2013). Several
studies have quantified memory consolidation in parasitoids, including Cotesia sp. (Smid
et al. 2007; van den Berg et al. 2010; Hoedjes et al. 2011), Trichogramma sp. (Huigens et
al. 2010), Leptopilina sp. (Kaiser et al. 2009) and Lariophagus sp. (Collatz et al. 2006).
Similar experiments have not been performed with generalist predators to quantify the
retention of learned behaviors over time.

2.1.3 Memory reinforcement
Learning is also affected by the number of conditioning events that precede
memory formation (Menzel 1999; Menzel 2001; Smid et al. 2007; Hoedjes et al. 2011;
Giurfa 2013). LTM is thought to require repeated learning events separated by intervals
(Hoedjes et al 2011); however, recent studies suggest that a single exposure is sometimes
sufficient to trigger LTM formation (see Collatz et al. 2006). Extrinsic and intrinsic
factors such as resource (prey) distribution and/or gene regulation are proposed
mechanisms that mediate LTM consolidation (Smid et al. 2007). For example, the
parasitoids Cotesia rubecula and C. glomerata specialize on solitary and gregarious
hosts, Pieris rapae and P. brassicae, respectively, whose spatial distribution affects wasp
memory. After parasitizing hundreds of gregarious caterpillars in a single encounter, C.
glomerata consolidates LTM, whereas C. rubecula needs at least three independent
learning events. Consequently, the number of positive reinforcements needed to create a
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stable olfactory template should be greater in C. rubecula, which travels longer distances
between host encounters (Smid et al. 2007; van der Berg et al. 2011). Most studies on
parasitic wasps employ a series of three events pairing a stimulus (odor) with a reward
(sugar water) before testing olfactory preferences. For example, the well-studied
parasitoid Microplitis croceipes has been conditioned to the volatile 3-octanone under
different protocols (see Takasu and Lewis 1990 and subsequent studies). Only 10 seconds
of a single conditioning event are sufficient for this wasp to display attraction to 3octanone that is retained for at least two days. However, three conditioning experiences
with 30 second intervals between feeding results in a 20% increase of M. croceipes
attraction to the target odor (Tertuliano et al. 2003). The number of reinforcements
needed to induce olfactory preferences, or whether multiple conditioning experiences
increase the response, of predatory insects to specific stimuli remain unknown. The
predaceous bug Anthocoris nemoralis acquired preference to the synthetic volatile methyl
salicylate (hereafter MeSA) if exposed to this odor for 14 hours (Drukker et al. 2000).
Similarly, the predator Nesidiocoris tenuis develops a preference for species-specific
plant volatiles if exposed to these odors for one day (Rim et al. 2017).

2.1.4 Neurophysiology
The few studies that test associative learning in predators measure their attraction
to previously experienced volatiles in olfactometer-style assays (Drukker et al. 2000;
Glinwood et al. 2011; Ardanuy et al. 2016; Rim et al. 2017). This, despite the fact that
insects, particularly bees and fruit flies, have been exemplary models to examine the
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neural circuits underlying these associations (Stough et al. 2006; Giurfa 2007, 2013).
Thus, the integration of behavioral and neurophysiological processing of learned
stimuli is unknown for predaceous insects. We lack fundamental knowledge, for
instance, on where stimuli are represented in the predator’s brain, how neural pathways
interact to create olfactory associations/templates and how experience modifies these
neuronal representations.
In this study, I test olfactory learning in the spined soldier bug, Podisus
maculiventris (Hemiptera: Pentatomidae), a polyphagous predator that likely uses HIPVs
to locate prey (Wiedenmann and O’Neil 1992; Sant’Ana and Dickens 1998, 1999). I use
this species as a model to understand the interactions between learning, memory, and
environment in predaceous insects. Specifically, I studied P. maculiventris to address the
following questions: (1) Do predators acquire attraction to HIPVs via associative learning
or are responses innate? (2) Does olfactory learning vary across different developmental
stages (i.e., early-late instar nymphs vs. adults)? (3) How many conditioning events (i.e.,
experiences) are necessary to learn attraction to HIPVs? (4) How long is attraction
maintained after learning occurs? (5) Do naïve predators differ from HIPV-conditioned
ones at a neurophysiological level?
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2.2 Methods
2.2.1 Insects
The predators used in this study were reared in a laboratory colony originally
established with individuals from Rincon-Vitova Insectaries (Ventura, CA) and
supplemented yearly with field-caught individuals from pheromone traps in local
populations (West Lafayette, IN). These insects were not exposed to MeSA. The colony
was maintained at 16:8 LD cycle at 22-26°C with water, bean plants, and mealworms,
Tenebrio molitor, as prey.

2.2.2 Experiment 1: How does olfactory learning
vary with predator development?
To assess P. maculiventris learning across different developmental stages, I
exposed early nymphs (2nd and 3rd instar), late nymphs (4th and 5th instar) and adults to
volatile-food reward pairings to test their ability to acquire attraction to a novel stimulus.
I avoided 1st instars due to their small size and because these individuals develop
primarily on plant material, rather than prey, after hatching from eggs.
Two groups of predators were created during the training phase for each of the
three developmental stages: (1) conditioned—exposed to the volatile-food association,
and (2) unconditioned—exposed only to food, but not the volatile. Initially, predators
from the colony were isolated individually in Petri dishes for 48 hours, during which
water, but no food, was provided. After this period, adults and nymphs were placed
dorsally in Petri dishes and fixed to the substrate, a 2mm layer of dissection silicone
(Sylgard®, Sarasota, FL), with entomological pins. Restrained individuals were then fed
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with hemolymph from the hornworm caterpillar, Manduca sexta. To do so, I extracted
hemolymph by dorsal horn amputation from 5th instar M. sexta reared on a wheat germbased artificial diet. The exuded hemolymph was collected with a glass Pasteur pipette,
which was then used to feed P. maculiventris by placing the pipette on the tip of their
stylet for one minute. In preliminary trials, I confirmed that this method was effective by
staining hemolymph with Congo red and dissecting fed individuals to corroborate that the
dye was present in the digestive tract (see Appendix A). To avoid degradation (i.e.,
oxidation and melanization), hemolymph was collected from new caterpillars at least
every 30 minutes.
Five minutes before food was provided, the mid-outer portion of the pipette was
coated with 10µg/µL of synthetic MeSA (Sigma-Aldrich 99%, St. Louis, MO), using
hexane as a solvent (Sigma-Aldrich, 95+%, St. Louis, MO). This was only used for
conditioned individuals and allowed the predator to experience the odor in the presence
of food. The unconditioned group was exposed to the same protocol, but the pipette was
coated with hexane (no MeSA) to control for possible effects of the solvent and ensure
that the only difference between treatments was the presence of the target odor, MeSA.
After feeding, both groups were isolated in Petri dishes for another 48 hours where only
water was provided, after which conditioned and unconditioned predators were tested for
olfactory responses to MeSA. Olfactory tests started two days post-conditioning (day 3)
because memory formation and recall require motivation, therefore, only hungry
predators are able to display the acquired attraction. Although earlier studies have
demonstrated that P. maculiventris is indeed capable of responding to MeSA (Dickens
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1999; Kelly et al. 2014), I used electroantennographic detection (EAG) to confirm
that this species reacts to MeSA in comparison to hexane and aggregation pheromone
as references.

Behavioral assay
Conditioned and unconditioned P. maculiventris from each developmental stage
were tested for olfactory preferences in a two-way choice arena (Figure 2.1). Replication
was as follows: unconditioned early nymphs, n=72; conditioned early nymphs, n=72;
unconditioned late nymphs, n=72; conditioned late nymphs, n=72; unconditioned adults,
n=100; conditioned adults, n=208. Choice arenas were constructed from rectangular clear
plastic boxes (30 x 25 x 10 cm LWH), which were far more successful in evaluating P.
maculiventris foraging behavior compared with traditional glass y-tube style assays
(Vidal-Gomez, unpublished data). Two holes at opposite ends of the arena were
connected via plastic tubes (Tygon® 3 mm ID, 6 mm OD, Saint-Gobain, Akron, OH) to
closed chambers where the volatile sources were placed. Behavioral assays were
performed inside a laboratory fume hood to facilitate air flow and removal of the MeSA
odor. However, I did not actively pull or push air through this system since I observed in
previous experiments that predators became stationary when air currents were activated.
A set of halogen lamps attached to the ceiling of the hood illuminated the arena with ca.
160 lux light intensity. Target odors were released from polyethylene zipper-sealed bags
(5 x 7 cm). From one side, 2 ml of synthetic MeSA, 10 µg/µL, with hexane as solvent
was used, while in the other, the same amount of hexane was used as control (SigmaAldrich, 95+%). Each test consisted of placing one individual in the center of the arena
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for 5 minutes. A choice was made when the insect moved within 5 cm of the odor source
and remained foraging in this area for more than one minute. If a choice was not made at
the end of this period, it was scored as “no preference.”

Neurophysiological response
In addition to evaluating behavior, I measured the neurophysiological responses
of nymphs vs. adults. To do so, in vivo extracellular nerve recordings were used to assess
and compare the response of conditioned and unconditioned individuals after MeSA
exposure. Specifically, I measured the spike activities of multiple units in the brain,
especially those close to the antennal lobe and associated structures. The antennal lobe
(hereafter AL) is the primary olfactory center of the insect brain and is composed of
spherical structures called glomeruli, where information about odorant molecules is
coded (Kristoffersen et al. 2008; Cassenaer and Laurent 2012). These structures are
responsible for controlling olfactory responses and selectively passing information to
higher brain centers (Cassenaer and Laurent 2012). Before beginning to collect data,
initial dissections, followed by repeated methylene blue stains, were performed to locate
the AL and glomeruli in the P. maculiventris brain (procedure adapted from Stark et al.
1969). This was used to increase recording uniformity by determining the electrode
insertion point: dorsally through the occipital foramen, close to the target area (Figure
2.2A; Figure 2.4 A and B).
Recording electrode holders (Cat. No. 64-1035) were purchased from Warner
Instrument Corp. (Hamden, CT) and used for all neurophysiological recordings. The
electrodes consist of a gold wire (4 cm length, 0.5 mm diameter) fitted with 1.0 mm

50
borosilicate capillary tubing (World Precision Instruments; Sarasota, FL). Recording and
reference electrodes were connected via model 4001 capacitance compensation headstage to a model EX-1 differential amplifier (Dagan Inc.; Minneapolis, MN), which was
interfaced with computerized digitizing hardware (PowerLab/4SP™; ADInstruments,
Milford, MA) and software designed to function as a multiple channel chart recorder
(Chart™ version 3.5.7; ADInstruments).
After the conditioning procedure, each predator was immobilized by placing on
ice for 2 minutes. This facilitated its placement into the recording chambers, which
consisted of a Petri dishes with a 2 mm layer of dissection silicone as the substrate
(Sylgard silicone elastomer, Dow Corning, Midland, MI). Afterward, the chosen
individual was fixed to the chamber with entomological pins, and after complete
recovery—typically a few minutes—two incisions were made on the back of its cephalic
capsule to expose the target area (through the foramen). Using a micromanipulator
(model MNJR; World Precision Instruments), the capillary tube, which carries the
recording electrode, was positioned adjacent to the AL. The reference electrode was
placed on the antenna. Once there was evidence of tissue connection (stable visual and
sound signal), the recordings started. Measurements were made 20 seconds after
successful connections, allowing the system to stabilize. Spontaneous electrical activity
40 seconds before and after MeSA (or control) exposure was monitored and recorded
following the methodology adapted from Song and Scharf (2008). The odor (4 ml of
synthetic MeSA, 10 µg/µL with hexane as solvent) was delivered to the insect for three
seconds by placing open vials 5 cm from the recording set-up. Hexane (4 ml) was used as
a control and tested in the same way as MeSA. Baseline recordings of spontaneous
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electrical activity were achieved by setting a threshold with the “counter” function on the
software to obtain 1K (∼1024) surpassing electrical bursts per second. Recording
chambers and electrodes were replaced for each individual. Sample sizes were as follows:
unconditioned nymphs, n=41; conditioned nymphs, n=41; unconditioned adults, n=38;
and conditioned adults, n=38. Adults and nymphs were randomly selected, and stimuli
applied at different times of the day to prevent odor contamination. The difference of
neuronal spikes that exceeded the baseline before and after MeSA/control exposure
was calculated with Chart™ 3.5.7 (ADInstruments, Milford, MA), as illustrated in
Figure 2.2B.

2.2.3 Experiment 2: Is olfactory learning reinforced
through repeated experience?
Since nymphs were the ones that responded positively to our conditioning
protocol, this and subsequent experiments focused only on this group. Hereafter, I use 4th
and 5th instars because earlier stages were technically challenging to manipulate. As in
Experiment 1, 291 nymphs were exposed to MeSA conditioning, but I compared the
effects of a single conditioning event (unconditioned nymphs, n=98; conditioned
nymphs, n=65), with multiple experiences (unconditioned nymphs, n=70; conditioned
nymphs, n=58), assuming that reinforcements would improve learning. To do so,
predators experienced the food-MeSA association either one or three times. Two-minute
intervals were used between each conditioning event in the multiple experience
treatment. After conditioning, nymphs were tested for olfactory behavioral preferences as
described above.
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2.2.4 Experiment 3: How long are acquired
preferences retained?
To quantify memory (i.e., how long nymphs remain attracted to the target odor), I
used the same training protocol as above, but unlike experiments 1 and 2 where I tested
olfactory preferences at a set time point (48 hours) after conditioning insects to MeSA,
here I tested preferences repeatedly over a longer time span. In this experiment, I
evaluated attraction to MeSA daily for a nine-day period post-conditioning. This allowed
us to quantify if attraction diminishes over time. I used this design to conduct two trials—
one where the same individual was tested repeatedly, and another where different
individuals were tested each day. The latter trial was used to control for the possibility
that insects habituate to MeSA and thus the experiment would not be a true test of
memory. During the ca. one-week period of the experiment, conditioned predators were
kept individually with access to water, but not food. Sample sizes were as follows. Trial 1
(same individual): unconditioned, n = 48; conditioned, n = 54. Trial 2 (different
individuals): on days 3 and 4, unconditioned, n = 130; conditioned, n = 135; from day 5
to day 7, unconditioned, n = 100; conditioned, n = 95; on days 8 and 9, unconditioned, n
= 80; conditioned, n = 76. Because some predators died during the one-week experiment,
replication naturally decreased over time from three to nine. Actual replication per day
and treatment are noted in figure legends.
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2.2.5 Statistical analyses
Experiment 1
To analyze post-conditioning olfactory preferences, a generalized linear model
(GLM) was performed and fit by maximum likelihood with level of conditioning as the
explanatory variable, and odor choice as the response variable. Since the response is
defined by two odors (MeSA vs. control), binomial distribution (log-link function) was
assumed. Separate analyses were conducted for each of the three developmental groups:
early instars, late instars, and adults.
The neurophysiological response of conditioned and unconditioned predators (i.e.,
the number of neuronal spikes that surpassed the average baseline after MeSA or control
exposure) was compared with a Mann-Whitney U test. I used a nonparametric test
because the data were not normally distributed. Two outliers from the group of nymphs
exposed to the control odor were removed from the analysis; however, their omission did
not qualitatively affect the outcome.

Experiment 2
To compare the effect of one vs. multiple conditioning experiences in the
olfactory response of predatory nymphs, a generalized linear model (GLM) was also
performed as in Experiment 1, with number of reinforcements (1 vs. 3) and level of
conditioning as the explanatory variables, and odor choice as the response variable.
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Experiment 3
To examine olfactory preferences over time, a generalized linear mixed model
(GLMM) was conducted. The analysis was fit by maximum likelihood (Laplace
approximation and lsmeans) with level of conditioning and day as fixed factors, and
individual as a random factor (Bolker et al. 2009). The latter was done to account for
within-subject counts considering that the same nymph was tested multiple times.
Binomial distribution (log-link) was assumed due the binary nature of the response
variable (MeSA vs. control). Interactions were included in the model. Analyses were
carried out for (1) the whole data set, and (2) separately by sample points to determine
the effect of conditioning on each day. For the second group, where different individuals
were tested each day, the analysis was the same as in experiments 1 and 2.
All statistical tests were carried out at the alpha =0.05 level of significance. Mann
Whitney U tests were completed with JMP 13 (SAS Institute Inc., Cary, North Carolina,
USA). Generalized linear/mixed models were conducted in R 3.3.3 (R Core Team 2017)
and fitted using the packages logitC3 and lme4, respectively (Bates et al. 2015).
Insects that did not make a choice (non-responders) were excluded from the analysis,
but presented in the figures as a reference; thus, n in the graphs corresponds to
responding individuals.
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2.3 Results
2.3.1 Experiment 1: Olfactory learning varied
with predator development
Behavioral assay
Conditioning affected the olfactory preference of early instar nymphs (z = 3.14,
df = 73, P = 0.046; Figure 2.3A) and late instar nymphs (z = 4.09, df = 89, P = 0.040;
Figure 2.3B), but did not affect adults (z = 2.75, df = 155, P = 0.097; Figure 2.3C).
Unlike unconditioned individuals, the majority of conditioned early-instar nymphs (65%)
preferred MeSA over the control (35%) when tested in choice arenas (z = 4.28, P =
0.038; Figure 2.3A). Likewise, for late instar conditioned nymphs, which walked towards
MeSA (80%) and remained foraging close to the volatile release point for more than five
minutes (z = 3.95, P = 0.046; Figure 2.3B). Conditioned adults did not display any
preference between MeSA and the control (z = 0.01, P = 0.965; Figure 2.3C). The
percentage of non-responders (57%) was especially high in this group, as well as for the
unconditioned nymphs, which were also >50% of individuals.

Neurophysiological response
Data from in vivo extracellular nerve recordings indicated that after exposure to
MeSA, the neural activity of conditioned (con) nymphs increased 44% compared to
unconditioned (uncon) nymphs (U = -3.56; ncon = 25, nuncon = 25, P < 0.005; Figure 2.4C).
However, this was not observed in adults; the average of spike departures from the
baseline was the same for conditioned and unconditioned fully-grown predators (U =
0.34; ncon = 17, nuncon = 17, P = 0.73; Figure 2.4D). When predators were tested against
the control odor (solvent) there were no significant changes in the response of nymphs
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(U = 1.08; ncon = 21, nuncon = 21, P = 0.174; Figure 2.3E) or adults (U = 0.44; ncon = 16,
nuncon = 16, P = 0.500; Figure 2.3F).

2.3.2 Experiment 2: Olfactory learning is not reinforced
through repeated experiences
Single or multiple conditioning experience(s) caused P. maculiventris to acquire
preference towards MeSA (z = 5.9, df = 288, P = 0.014). However, the attraction
displayed by predatory nymphs after being conditioned to this volatile was the same for
individuals that experienced the MeSA-food association once vs. multiple times (z =
0.73, df = 288, P = 0.391; Figure 2.5).

2.3.3 Experiment 3: Acquired preferences are
retained for about seven days
When tested using the same individuals over time, conditioned nymphs overall
chose MeSA and remained attracted to this compound on days 3, 5, and 6 (z = 3.85, df =
263, P < 0.001; Figure 2.6). This preference was also affected by the day in which the
nymphs were tested (z = 2.20, df = 263, P = 0.027; Figure 2.6). The interaction between
conditioning and day was not significant, but close to the threshold (z = -1.91, df = 263,
P=0.056). Likewise, in the second group, where individuals were tested independently on
each day, memory was retained for up to 6 days (Figure 2.7; Table B.1).
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2.4 Discussion
This study demonstrates that it is possible to condition the olfactory response of a
generalist predator to a specific plant volatile. By associating the phytohormone MeSA
with food (M. sexta hemolymph), P. maculiventris nymphs learned to recognize this odor
as a signal of food presence and, accordingly, displayed attraction to MeSA in subsequent
olfactory tests. Associative learning has been documented in other predatory species
(Drukker et al. 2000b; Glinwood et al. 2011; Ardanuy et al. 2016; Rim et al. 2017);
however, this is the first time that relevant factors that likely modulate this process, such
as developmental stage and the number of reinforcements required to consolidate
memory, have been evaluated. Moreover, the integration of physiological and behavioral
approaches undertaken in this set of experiments have extended our knowledge of the
structures and neurological processes underlying olfactory processing in this important
group of insects.

2.4.1 Developmental stage
Unlike adults, nymphs responded positively in post-conditioning olfactory tests.
This outcome indicates that the predator’s capability to perceive and process olfactory
stimuli changes as nymphs develop into adults. Although P. maculiventris does not
experience complete metamorphosis, there are evident changes at neurophysiological and
organismal levels that likely modulate learning processes within the predator’s lifetime.
Learning age-related changes, which are frequently correlated with a reduction in the
ability to establish and recall associations, have been documented in other species
including humans (Naveh-Benjamin 2000 and subsequent work), mice (Sewal et al.
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2015), primates (Shi et al. 2012) and snails (Forest et al. 2016). Hence, several
hypotheses have been proposed to explain this phenomenon, most of them related to a
series of inhibitory processes that act on the enzymes in charge of repressing gene
transcription in the nucleosomes, the DNA structural units (Miller et al. 2008). There is
also evidence that a decline in learning capabilities can be reversed by enzymatic activity,
which allows older individuals to recover memory and synaptic plasticity deficits. But we
are still far from understanding these interactions at a molecular level (Miller et al. 2008;
Sewal et al. 2015). At an organismal level, aging modifies brain structure and synaptic
activity (e.g., Salthouse and Ferrer-Caja 2003; Marin et al. 2005; Shi et al. 2012).
Several studies performed in holometabolous insects indicate that information
acquired via associative learning at early life stages persists across instars and affects
adult behavior (Blackiston et al. 2008). Some authors have speculated that larval neurons
along with the information they contain survive these changes so that relevant synaptic
connections remain intact and are re-activated at specific moments in the insect’s lifetime
(Tully et al. 1994; Lee et al. 1999; Marin et al. 2005). The same argument may be used to
explain the fact that predatory nymphs across stages differentially learn associations that
likely affect subsequent behaviors. Yet, these synaptic connections may be activated or
suppressed at specific points through the predator’s development depending on
physiological and/or environmental factors.
Cognitive aging has been tangentially discussed in some insect species. At older
stages, fruit flies (D. melanogaster) display failures in memory consolidation (Tamura et
al. 2003; Mery 2007), and old forager bees (A. mellifera) show reduced performance in
post-conditioning olfactory tests (Berehnds et al. 2015). Nevertheless, in the case of bees,
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this does not necessarily represent a disadvantage. The bees that poorly performed in
olfactory tests, excelled in terms of accuracy by choosing the precise odor among similar
options (Behrends et al. 2007). Extrapolated to an ecological scenario, this may constitute
an advantage and vice versa; as fast learners, younger individuals could be less selective,
which may be disadvantageous in complex olfactory environments. The brain can only
process a certain amount of information at a time; therefore, individuals must prioritize
relevant stimuli. This is especially critical when there is a large amount of information
stored, which generally occurs as time passes (i.e., at older stages). This likely reduces
learning and memory performance, but at the same time, may increase attention to a
given task or a specific target, as in the case of older bees (Behrends et al. 2007; Giurfa
2013). In summary, this study has demonstrated, for the first time, that learning
capabilities change across a predator’s developmental lifetime. Thus, another possible
area of future research would be to investigate the causes and the environmental factors
that modulate these changes.

2.4.2 Memory reinforcement and retention
One-minute exposures were enough for predatory nymphs to develop attraction to
MeSA and consolidate LTM. Previous work on parasitoids (e.g., Tertuliano et al. 2004,
Smid et al. 2007) showed an increased attraction to the target odor after multiple
conditioning experiences; however, this was not the case for P. maculiventris. This
predator responded in the same way to MeSA after being exposed to either one or three
conditioning experiences. Although it has been proposed that one experience or multiple
reinforcements without intervals only produce STM or MTM, respectively, the results of
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the present study reinforce prior evidence of LTM formation after a single stimulus
exposure (e.g., Collatz 2006; Krashes and Waddell 2008). A limitation of this study is
that the olfactory preference of predaceous nymphs was evaluated two days after
conditioning. The reason for this 48-hour interval is that appetitive learning is required to
display appetitive memory and therefore, food deprivation should be induced to trigger a
behavioral response (Krashes and Waddell 2008). This condition prevented us from
knowing the range where satiety stopped suppressing memory retrieval and therefore,
triggered LTM protein synthesis. Accordingly, I assumed that LTM was formed in this
time-interval and persisted from day 3 until day 6. This is one of the first such records for
predatory insects. It should be noted that the data were consistent for the two groups
examined for memory retention, one where nymphs were tested repeatedly across time
and the other, where nymphs were tested independently each day. These results indicate
that predators were not habituated to the odor or the test itself, but that the preference is
evidence of memory retrieval.
Specific adaptations that modulate insect foraging appear to be one of the main
factors that determine the type of memory employed at a specific time (Menzel 1999; van
den Berg et al. 2010). Being a generalist predator, P. maculiventris encounters and
processes large amounts of information in relatively short time periods, yet this
information is expected to be stable across generations because the same pool of prey
should be located on the same host plants. According to Steidle and van Loon (2003), it is
adaptive for predators, regardless of their dietary specialization, to respond positively to
olfactory cues provided by host-plants. This means that although predators face
variability in terms of prey due to their unpredictability and aggregated spatial
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distribution, they must be adapted to easily recognize and learn host-plant cues, which
may explain why one high quality associative learning experience is enough for this
predator to consolidate a long lasting olfactory template. These templates would be
quickly substituted to avoid storing irrelevant information; therefore, it is also important
to evaluate how quickly memory is replaced—something that goes beyond the scope of
this study, but should be considered in future studies to fully understand this process.
The quality of the reward also affects learning and memory dynamics. If the
information acquired through conditioning is low quality, it may only be stored as LTM
after repeated experiences, or the opposite (i.e., LTM formation may be the result of one
good quality stimulus exposure; Stephens 1993; Hoedjes et al. 2011). Although
quantifying the quality of stimuli is a complex task, using fresh hemolymph in our
conditioning protocol may be considered an advantage in that the stimulus itself
represents a good quality positive reinforcement. Unlike parasitoids and other
holometabolous insects, P. maculiventris is an active predator from the second instar until
adulthood, thus, it is also expected that through several prey encounters learning
processes are optimized, as well as the capability to retain and further process
information. However, I also anticipate that these processes are closely related to the
adaptive requirements of each life-stage.

2.4.3 Neurophysiology
The use of in vivo extracellular recordings allowed us to detect an increase in the
neural activity of conditioned nymphs after MeSA exposure, which is a highly novel
finding. Unlike adults, nymphs respond to the conditioned protocol with a stronger
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electrical output signal. This outcome matches our behavioral observations and provides
further support for the hypothesis that olfactory processing in predatory insects changes
across developmental stages. Olfactory stimuli are mainly perceived by olfactory sensory
neurons (OSNs) located in the antenna of the insect from where they are transmitted to
the antennal lobes in the form of nerve impulses (Menzel 2007; Martin 2011). OSNs
recognize odors via olfactory receptors (OR), a series of ligand-binding proteins encoded
by diverse families of receptor genes and odorant binding proteins (OBP; Anderson et al.
2015; Fleischer et al. 2017). Therefore, in an attempt to understand how OSNs recognize
olfactory stimuli, recent research has focus on studying ORs; however, the way in
which the information provided by ORs is translated into action potentials remain unclear
(Fleischer et al. 2017). Certainly, the electrically encoded information is conveyed in
the antennal lobe and the neuronal signal is decoded in the insect brain, as illustrated
in our recordings. Nevertheless, how this mechanism is regulated to retrieve memory
and generate different responses—as in the case of P. maculiventris nymphs—is
completely unknown.
Trying to improve the methodology to get better recordings, I expanded our
knowledge of the P. maculiventris brain by identifying the ALs and related structures. I
found well-developed lobes with a group of distinguishable glomeruli. This outcome
further supports the hypothesis of Stacconi et al. (2014), who predicted that in
polyphagous insects, the olfactory-based discrimination process between several hosts
requires a more developed olfactory integration center at the brain level, such as the
developed and distinguishable structures observed in our model species. Our in vivo
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extracellular recordings as well as the brief description of the morphology involved in
this process will serve as a base for future studies in this virtually unexplored field.

2.4.4 Conclusions
The results of this work provide a new understanding of olfactory processing in a
generalist predator. I demonstrated that one conditioning experience is sufficient for P.
maculiventris to consolidate LTM. I also found that conditioned nymphs are able to retain
the acquired information for about 6 days, which has important implications at
physiological and ecological levels. But, undoubtedly, the most important finding of this
research is that learning and memory processes are closely related to predator
developmental stage. This creates many questions that need to be addressed in the future:
How does aging affecting learning and memory? What are the genes that regulate OBP,
OR, ORCO, and memory formation and retrieval at different instars? Where is memory
stored? To address these questions, it is necessary to integrate molecular and
neurobiological techniques alongside behavioral tests. Only with a multidisciplinary
approach, will it be possible to understand the mechanisms that underlie these processes.
Predatory insects are excellent models to study olfactory processing because they not
only offer a better understanding of learning and memory dynamics but also new insights
to create more specific and sustainable strategies to control pest insects due to the
important role they play as biocontrol agents.
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Figure 2.1 Schematic of the conditioning protocol and behavioral assays. Podisus
maculiventris adults and nymphs were exposed to a conditioning experience to develop
attraction towards the synthetic volatile methyl salicylate (MeSA). After conditioning,
olfactory preferences were tested in a foraging arena with two possible choices: MeSA
vs. Control. Target odors were released from polyethylene zipper-sealed bags (5 x 7 cm).
From one side, 2 ml of synthetic MeSA, 10µg/µL, with hexane as the solvent was used,
while in the other, the same amount of hexane was used as a control (Sigma-Aldrich,
95+%). Each test consisted of placing one individual in the center of the arena for 5
minutes. A choice was made when the insect moved within 5 cm of the odor source and
remained foraging in this area for more than one minute. If a choice was not made at the
end of this period, it was scored as “no preference.”

Figure 2.2 Schematic of in vivo extracellular nerve recording set up and neurophysiological assay. (A) P.
maculiventris brain illustration with three principal structures: optical lobes (OL), antennal lobes (AL) and
suboesophageal ganglion (SOG). Electrode connection points are shown. (B) Example of a 2-minute neurorecording. The neurophysiological response of conditioned and unconditioned predators to MeSA was
quantified by calculating the spontaneous electrical activity 40 seconds before and after odor exposure.
Analyses were made with Chart™ 3.5.7 (ADInstruments, Milford, MA).
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Figure 2.3 Olfactory preference of conditioned and unconditioned P. maculiventris adults and nymphs 48 hours postconditioning. Each developmental stage was tested for olfactory preferences in a two-way choice arena (MeSA vs. control),
including (A) early instar nymphs (2nd and 3rd instar), (B) late instar nymphs (4th and 5th instar), and (C) adults. Choices
between odor sources were analyzed with a generalized linear model (GLM) with binomial distribution (log-link function).
Insects that did not make a choice (no preference) were excluded from the analysis, but presented in the figure as a
reference; thus, n = responding individuals. Uppercase letters indicate differences (P < 0.05) between conditioned and
unconditioned individuals. Asterisks indicate preference to MeSA (nsP > 0.05; *P < 0.05; **P < 0.01;
***P < 0.001).
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Figure 2.4 Neurophysiological response of conditioned and unconditioned P.
maculiventris adults and nymphs. (A – B) Pictures of P. maculiventris brain, dorsal view.
Two principal structures are shown: optical lobes (OL) and antennal lobes (AL). (C – F)
Neurophysiological activity (mean + SE). Values on the y-axis represent electrical
activity changes from average baseline after MeSA exposure. Hexane was used as the
control and tested in the same way as MeSA. Results were obtained from recordings as
shown in Figure 2.2. Comparisons were made with a Mann-Whitney U test (nsP > 0.05;
*P < 0.05; **P < 0.01; ***P < 0.001).

Figure 2.5 Olfactory preference of P. maculiventris nymphs (4th and 5th instar) after experiencing the MeSA-food
association either one or three times. Two-minute intervals were used between each conditioning event in the multiple
experience treatment. Conditioned nymphs were tested for olfactory preferences in a two-way choice arena (MeSA vs.
control). Choices between odor sources were analyzed with a generalized linear model (GLM) using a binomial distribution
(log-link function). Insects that did not make a choice (no preference) were excluded from the analysis, but presented in the
figure as a reference; thus, n = responding individuals (nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 2.6 Olfactory preference of conditioned P. maculiventris nymphs over time. At 48 hours post-conditioning,
individuals were repeatedly tested in a two-way choice arena (MeSA vs. control) for 12 days to evaluate if their attraction to
the target odor (MeSA) diminishes over time. Choices between odor sources were analyzed with a generalized linear mixed
model (GLMM) using a binomial distribution (log-link function). Insects that did not make a choice (no preference) were
excluded from the analysis, but presented in the figure as a reference; thus, n = responding individuals (nsP > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001).
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Figure 2.7 Olfactory preference of conditioned P. maculiventris nymphs over time. At 48 hours post-conditioning,
different individuals were tested for olfactory preferences each day for 12 days in a two-way choice arena (MeSA vs.
control). This was done to control for the possibility that insects may habituate to MeSA if they are exposed
repeatedly to this odor in each test. Choices between odor sources were analyzed with a generalized linear model
(GLM) using a binomial distribution (log-link function). The results of the analyses are shown in Table B.1. Insects
that did not make a choice (no preference) were excluded from the analysis, but presented in the figure as a reference;
thus, n = responding individuals (nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001).
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CHAPTER 3: LEARNING IMPROVES THE FORAGING
EFFICIENCY OF A GENERALIST PREDATOR IN
COMPLEX ODOR ENVIRONMENTS

3.1 Introduction
Predaceous insects must find prey to survive and reproduce, but food resources
are often cryptic, patchily distributed in space/time, and challenging to locate in complex
environments (Schoener 1971; Charnov 1974). Natural selection should thus favor a
foraging strategy that integrates prey-associated cues to maximize encounter rates
(Hassell and Southwood 1978). Understanding this process, and its mediating factors, is
vital to enhancing the impact of natural enemies as biocontrol agents of pests. Although
numerous variables affect predator foraging efficiency, I focus here on the interactive
effects of two factors that likely play an overriding role in determining the outcome of
predator-prey relationships: associative learning and olfactory camouflage.
Learning is a behavioral change caused by the acquisition of new information
through experience (Papaj and Prokopy 1989; Dukas 2008; Ishii and Shimada 2010). By
learning, the cues that guide foraging are filtered and processed by previous encounters,
both successful and unsuccessful (i.e., positive and negative reinforcement, respectively),
which allow predators to avoid random searching and increase their behavioral plasticity
to respond to environmental change (Steidle and van Loon 2003; Dukas 2008; Ishii and
Shimada 2009). While predators are capable of learning a wide variety of stimuli (e.g.,
color and shape), much of the attention in natural enemy foraging ecology focuses on
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orientation to olfactory signals—specifically those emitted from herbivore-damaged
plants (hereafter, HIPVs for herbivore-induced plant volatiles). HIPVs are a reliable
indicator of prey presence or identity, and therefore, tend to elicit enemy attraction and
retention (De Boer and Dicke 2006; Heil 2008; Dicke and Baldwin 2010). However, a
few key gaps remain in our knowledge of how predators learn to use these plant odors to
locate prey.
Aside from the classical work in the Phytoseiulus persimilis mite system (see
Dicke and Sabelis 1988, and subsequent studies), the vast majority of research in this area
focuses on host-finding in parasitic wasps (Lewis and Tumlinson 1988; Papaj and Vet
1990). This, despite the fact that theoretical models predict that learning is more
beneficial for polyphagous consumers, who feed on a wide variety of prey, compared
with specialized parasitoids that are more likely to display innate olfactory preferences
(Steidle and van Loon 2003). In addition, while generalist predators are far more highly
studied than parasitoids as top-down forces in arthropod food webs (Halaj and Wise
2001), we are only beginning to understand how olfactory learning shapes foraging
efficiency in this diverse group (see Drukker et al. 2000; Glinwood et al. 2011; Ardanuy
et al. 2016; Rim et al. 2017).
One common weakness of existing research on HIPV-mediated learning, for
predators and parasitoids alike, is that experiments typically quantify small-scale
attraction using an olfactometer-style assay. Hence, it is still largely unknown whether
the acquired information is ecologically relevant in realistic foraging environments (but
see Janssen et al. 2014). In other words, the functional aspects of predator ecology (e.g.,
levels of prey suppression) beyond simple attraction or orientation behaviors are poorly

81
documented in experienced vs. naïve individuals. The fundamental implication, however,
is that experienced insects are “better” predators in terms of their hunting efficiency in
complex plant canopies. This could be particularly valuable in agricultural systems where
naïve predators are routinely deployed as an augmentative biocontrol, but often fail in
controlling pests (Collier et al. 2004).
Another key reason to study learning in more complex, but realistic field settings
is that the putative benefits of learning on predator foraging may be offset by the
difficulties associated with finding prey in the presence of competing or camouflaging
odors. Olfactory cues such as HIPVs are embedded in a chemical matrix that is highly
modified by the presence of other organisms, such as neighboring prey-free plants (Dicke
et al. 2003; Kost and Heil 2006; Broz et al. 2010). The combination of these elements in
diverse plant communities creates dynamic scenarios that challenge the capability of a
predator to sort reliable signals from noise (Obermaier et al. 2008; Randlkofer et al. 2010;
Waschke et al. 2014). In one of the few studies to experimentally test the effect of
olfactory learning on foraging in chemically complex environments, surrounding
vegetation caused a 47% reduction in the foraging efficiency of the parasitoid Cotesia
glomerata for their host Pieris brassicae in outdoor arenas. Experienced wasps, however,
successfully oriented towards their learned plant species and, accordingly, attacked more
host patches than naïve wasps (Kruidhof et al. 2015).
Here, I use the tri-trophic system consisting of tomato (Solanum lycopersicum),
hornworm caterpillars (Manduca sexta), and the predaceous stinkbug Podisus
maculiventris to test the interactive effects of associative learning and plant volatile
complexity on predation rates in field enclosures. In previous experiments (Vidal-Gomez
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and Kaplan, unpublished data), I found that unlike adults, nymphs acquire preference to
hornworm-induced tomato volatiles when these odors have been paired with prey
(positive reinforcement). In this study, I evaluate the functional changes in predation rates
comparing trained vs. naïve nymphs foraging in simple vs. complex environments.
“Simple” environments consisted of tomato alone, whereas “complex” environments
were created using either: (1) tomato surrounded by a prey-free aromatic plant (basil), or
(2) tomato exposed to the synthetic volatile, methyl salicylate (MeSA). This latter
treatment allowed me to independently manipulate chemical complexity without the
structural changes caused by adding a new plant species. Moreover, MeSA has gained a
reputation as a broad-spectrum predator attractant (James and Price 2004; RodriguezSaona et al. 2011, 2012; Salamanca et al. 2017), but theoretical models have voiced
concern over the possibility that the constitutive release of HIPVs will reduce per-capita
foraging efficiencies (Puente et al. 2008; Kaplan 2012; Kaplan and Lewis 2014), even
though this has never been empirically demonstrated. In both cases (i.e., with either
increased plant diversity or augmented HIPVs), I predict that predation rates will
decrease with higher volatile complexity due to its masking effect on HIPVs emitted
from pest-damaged leaves. Additionally, I expect that experienced stinkbugs will
outperform naïve individuals in finding and killing prey.
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3.2 Methods
3.2.1 Insects and plants
The spined soldier bug P. maculiventris is a generalist predator that inhabits many
crops (Wiedenmann and O’Neil 1991a, 1991b). It consumes a wide range of prey,
including several insect larvae that are major vegetable pests (e.g., M. sexta; HoughGoldstein and McPherson 1996). Its high reproductive rate and capacity to maintain prey
populations at low levels, make P. maculiventris one of the most valued biological
control agents in the U.S. (Montemayor and Cave 2011), and the only commercially
available predaceous stink bug in North America (Rincon-Vitova Insectaries, Ventura,
CA). The 4th and 5th instar nymphs used in this study were reared in a laboratory colony
initially established with insects from Rincon-Vitova Insectaries and supplemented yearly
with field caught individuals from local populations. The colony was maintained at a 16:8
LD cycle at 22 – 26 °C with bean plants, water, and twice-a-week rations of mealworms,
Tenebrio molitor, as prey.
The hornworm, M. sexta, is a specialist on plants in the Solanaceae, mainly
consuming tobacco and tomato leaves in its larval stage. In this study, I used 3rd instar
caterpillars from a laboratory colony maintained on a wheat germ-based artificial diet and
reared from neonates until use in field trials.
Tomato (Solanum lycopersicum cv. MP1) and basil (Ocimum basilicum) plants
were grown in 10 cm3 pots under greenhouse conditions (18 – 22 °C) in commercial soil
enriched with Osmocote® (14-14-14) slow release plant food (Everris NA Inc., Dublin,
OH, USA). Tomato seeds were provided by Dr. Natalia Dudareva in the Department of
Horticulture and Landscape at Purdue University (West Lafayette, IN). Seeds from O.
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basilicum were purchased from Burpee Garden Products Co. (Warninster, PA, USA). All
experimental plants were standardized by height (25 – 30 cm) and transported to the field
24 hours before the experiment.

3.2.2 Predator conditioning
Two groups of P. maculiventris nymphs with different odor experiences were
used in this experiment: (1) naïve individuals, who were never exposed to tomato and/or
tomato-associated odors, and (2) experienced individuals, who were exposed to HIPVs
released by tomato plants under M. sexta attack. Naïve and experienced nymphs were
isolated individually in Petri dishes for 48 hours. For the experienced group, cohorts of
ten nymphs were placed in cages with twelve tomato plants, each of which received two
3rd instar M. sexta caterpillars 48 hours before predator introductions to initiate emission
of HIPVs due to leaf herbivory. For the naïve group, nymphs were placed in separate
cages provided with an equal number of caterpillars; however, this group had no contact
with tomato plants. After a 12-hour exposure to cage environments, both groups were
individually isolated in Petri dishes for another 48 hours during which only water was
provided, but no food. After this period, nymphs were transported to the field and
released in experimental cages according to their experience treatment.

3.2.3 Experiment set-up
To evaluate the interactive effects of learning and volatile diversity on the success
of predators foraging for prey, I conducted a field cage experiment employing a 2 x 2 x 2
factorial design with two levels of learning (experienced vs. naïve), two levels of plant
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diversity (tomato alone vs. tomato interspersed with basil) and two levels of constitutive
HIPV exposure (MeSA present vs. absent). This resulted in eight treatment combinations
(Figure 3.1), each of which was replicated over four trials between July and November
2016 with three cage replicates per trial (n=12 total replicates per treatment). Basil was
used due to its aromatic properties and because it is often cited as a beneficial companion
plant with tomato to reduce pest incidence (e.g., Bomford 2009). MeSA was used for
several reasons. First, it is the active ingredient for the commercial predator attractant,
Predalure (AgBio, Inc., Westminster, CO, USA). Second, it is a common component of
the induced volatile blend in numerous plants, including tomato (Ament et al. 2004;
2010). Last, the focal predator in this study, P. maculiventris, has been shown to
respond to MeSA using electroantennogram (Dickens 1999) and field behavioral assays
(Kelly et al. 2014).
Field cages (1 m3 with 2 mm mesh pore size) were placed at the Entomology
Field Operations Building (EFOB), located 1.5 miles from the Purdue University campus
(West Lafayette, IN, USA). A metallic tray was placed in the bottom of the cage to
support plant pots as well as prevent weed growth and soil contact. During each trial, 24
cages were placed 4 meters apart from each other in an open space, using a randomized
complete block design. Each cage contained three rows of four tomato plants, or six basil
and six tomato plants (twelve per cage). In the diversity treatment, basil and tomato were
randomly assigned to their specific position within the cage. In cages with MeSA, 2 mL
of synthetic MeSA (Sigma-Aldrich, 99%, St. Louis, MO, USA), 10µg/µL, was released
from a polyethylene sealed bag using hexane (Sigma-Aldrich, 95+%, St. Louis, MO,
USA) as a solvent. This specific concentration was used because it attracted the most
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number of P. maculiventris nymphs in preliminary lab trials testing a range of MeSA
release rates. The volatile bag was hung from the center of the cage to roughly align with
the height of the plant canopy, but did not physically touch any of the plants.
In all cages, three randomly selected tomato plants received two 3rd instar M.
sexta as prey. We only placed caterpillars on a fraction of plants both to standardize prey
density across diversity treatments (i.e., basil is not a host-plant for M. sexta and thus half
of the plants in these cages could not support their development) and to simulate a
realistic foraging environment where predators are forced to actively hunt patchily
distributed prey. Caterpillars were added to plants 48 hours before the start of the
experiment to induce volatiles, after which five P. maculiventris nymphs were released
per cage (n=120 predators per trial). Releases were only conducted on days where
temperature fluctuated between 21 and 27°C since P. maculiventris becomes inactive
under temperature extremes (Wiedenmann and O’Neil 1991a).
I measured two responses to evaluate differences in predator foraging across
treatments. First, I quantified the number of caterpillars consumed twelve hours after
adding predators to the cage. This hunting time was used based on the maximum daily
number of prey P. maculiventris has been recorded to consume in the field (Waddill and
Shepard 1975). A relatively short hunting period also prevented predators from totally
depleting the available prey in each cage. If caterpillars were missing from plants, I
assumed they were killed by P. maculiventris. This assumption is fair considering that
my prior work with M. sexta has confirmed that recovery rates are routinely near 100%
when placed on tomato in a predator-free cage. Also, dead larvae were often recovered
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from cages with a deflated appearance, characteristic of being attacked and probed by a
piercing-sucking predator like P. maculiventris.
In addition to predation rate, I systematically recorded the location and behavior
of stink bug nymphs 5 and 12 hours after being released. To do so, a scan sample was
performed. This procedure allowed me to score, at specific times, the behavior displayed
by all nymphs across treatments (see Altmann 1984). Based on preliminary observations
and following the protocol in Wiedenmann and O’Neil (1991a), six behavioral units were
recorded: (1) ANT—antennal vibration, (2) EAT—handling and eating prey, (3) FOR—
foraging, walking, and moving the antennae at the same time, (4) STAT—stationary,
motionless, (5) WALK—walking, and (6) STY—stylet extension (i.e., predators lift their
stylet and hold it for a few minutes in an extended position). In addition, I recorded: (7)
DEAD—dead individuals, and (8) MISS—missing individuals. These were considered
behaviors and therefore included in the model to account for potential variability in these
occurrences across treatments. At each sampling point, all cages were visually scanned
and the first behavioral unit maintained for at least one minute by every nymph was
recorded. If nymphs or their corpses could not be found, they were reported as missing.
Individuals were never scored more than once during a scan. Since behavioral differences
were not significant in the first sampling point (5 hours), I only report data from the
second sampling point (12 hours post-release). This also ensures that the behaviors
registered were independent.
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3.2.4 Statistical analyses
To analyze predator efficiency, a generalized linear mixed model (GLMM) was
performed with learning level (experienced vs. naïve), plant diversity (tomato alone vs.
tomato interspersed with basil), and HIPV exposure (MeSA present vs. absent) as fixed
factors. Sample date was included in the model as a random factor to account for
variation among experimental trials. Total number of caterpillars captured per cage was
the response variable. Since this number is a count in the range of 1 to 6, a Poisson
distribution (log-link function) was assumed and tested [Pearson’s chi-squared χ2 (9,
N=96) =12, P = 0.213]. Interactions were not significant and therefore excluded from the
model. This analysis was performed in SAS 9.4 (SAS Institute, Cary, NC).
The number of stink bugs found on tomato-damaged plants after 12 hours of
being released in the cages was analyzed with a generalized linear model (GLM) with a
binomial distribution (log-link function) using the three factors mentioned above. This
analysis was conducted in R 3.3.3 (R Core Team 2017).
To compare behavioral units across treatments, a conditional model based on a
supervised tree-algorithm was performed (Strasser and Weber 1998). This analysis
allowed me to visualize a hierarchical data partition, discriminating the variables that
most influenced the behavior displayed by different individuals. Learning levels, plant
diversity and HIPV exposure were considered explanatory variables. Due to their
dichotomous nature, they were included in the model as binary variables with “+”
indicating presence and “-” indicating absence. To determine differences in behavioral
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units between the variables that had a significant effect in the model (learning level and
HIPV exposure), a test for equality of proportions was performed. The analysis was
conducted in R 3.3.3 (R Core Team 2017).
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3.3 Results
3.3.1 Predator efficiency
Overall, experienced nymphs were more efficient predators (Figure 3.2),
capturing 28% more prey than naïve nymphs that were not previously exposed to the
caterpillar-tomato complex (F1,85 = 14.62, P < 0.001). Contrary to my expectations,
however, plant diversity did not affect predation rate with similar outcomes in the
presence or absence of basil as a companion plant (F1,85 = 1.57, P = 0.214). Augmenting
cages with the synthetic volatile MeSA caused a 22% reduction in prey consumption
compared with MeSA-free cages (F1,85 = 8.74, P = 0.004). The main effects of learning
and MeSA were independent of one another as there were no significant interactions
among factors in the model.

3.3.2 Predator location
The presence of MeSA caused a 26% reduction in the number of P. maculiventris
nymphs observed foraging in the canopy of tomato plants compared with individuals
observed in MeSA-free cages (Figure 3.3; z = -2.06, df = 92, P = 0.039). However,
there were no differences in the number of predators foraging in either simple vs. mixed
environments (z = 0.42, df = 92, P = 0.670) or with experienced vs. naïve nymphs
z = -0.84, df = 92, P = 0.393).

3.3.3 Foraging behavior
The tree model consisted of two inner nodes (with one branch) and three terminal
nodes grouped on two dichotomous explanatory variables (Figure 3.4). The first split was
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explained by learning (node 1), which means that the behavioral units displayed by
predaceous nymphs were significantly affected by previous exposure to the caterpillartomato complex (Ctree-algorithm analysis, N = 480, P < 0.001). Node 2 groups naïve
predators, which were characterized by remaining stationary [χ2 (14, n = 240), P =
0.006]. Few of these nymphs were found eating or handling prey [χ2 (14, n = 240), P <
0.001]. A smaller number of naïve nymphs were found foraging compared with
experienced ones in MeSA-free environments; however, this difference was not
significant [χ2 (14, n = 240), P = 0.062]. There were no further splits for naïve predators.
For experienced predators, a further split was caused by HIPV exposure (Figure
3.4; node 3, Ctree-algorithm analysis, n = 120, P = 0.042). In node 4, which groups
experienced nymphs in MeSA-free environments, it is clear that individuals eat more [χ2
(14, n = 120), P < 0.001] and exhibited active foraging behaviors. This corresponds with
earlier data where this group was also the most efficient at suppressing prey.
Interestingly, experienced nymphs under the effect of MeSA, grouped in node 5, reduced
their food intake [χ2 (14, n = 120), P < 0.001] and conversely, increased antennal
vibration, foraging and walking. Stylet extension was only observed in experienced
nymphs [χ2 (14, n = 120), P < 0.001]. The behavioral units that varied most among
treatments were handling and eating prey, stationary and stylet extension (Table 3.1).
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3.4 Discussion
This study demonstrates the positive effect of learning on the foraging efficiency
of the generalist predator P. maculiventris. Nymphs previously exposed to cues derived
from the caterpillar-tomato complex captured more prey than naïve ones after being
released in field enclosures (Figure 3.2). This outcome suggests that experienced
nymphs: (1) learn to recognize host-derived odors as a signal of prey presence, (2) use
this information in subsequent foraging, and (3) are more efficient at suppressing prey
than naïve predators. Previous studies have shown that predaceous insects learn and
change their olfactory preferences according to the acquired information (Drukker et al.
2000; Glinwood et al. 2011; Ardanuy et al. 2016; Rim et al. 2017); however, to my
knowledge, this is the first work that has evaluated the ecological implications of this
information under field-like conditions.
Because I used a relatively short-term (twelve hour) foraging assay, I cannot
determine from this experimental design how long predators retain their memory. Work
with coccinellids hunting for aphids on barley illustrates that predator olfactory templates
are highly plastic; preferences can be rapidly acquired or lost (Glinwood et al. 2011).
Thus, I expect that even naïve predators in my foraging arenas would have eventually
gained experience, resulting in diminishing effects of my initial conditioning treatment
over time. Under natural conditions predators are never truly naïve, but can be
inexperienced when confronted with the sudden appearance of a novel prey item. The
ability and speed at which generalist predators like P. maculiventris learn such new
associations is likely contingent on the amount of reinforcement, which depends on
factors like prey density and diversity. I assume that learning will be less likely to
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develop when polyphagous consumers encounter a wide diversity of prey items, unlike
my comparatively simple environment consisting of a single herbivore. This is welldescribed for phytophagous insects varying in diet breadth (e.g., neural constraints
hypothesis; Bernays 2001), but poorly known for predators.
Another unique aspect of my data is that they link individual foraging behaviors
with the functional outcome of prey suppression. In some cases, these behaviors are
expected based on caterpillar disappearance. For example, my observations of predators
eating prey was highest in cages with experienced predators without MeSA, lowest in
naïve predator cages, and intermediate for experienced predators in the presence of
MeSA (Figure 3.4). These observations match what I infer from caterpillar survival,
which was reduced by predator learning and enhanced by MeSA presence (Figure 3.2).
Other behaviors are harder to interpret; namely, stylet extension, which was only
observed in experienced individuals and never in naïve ones. I have repeatedly observed
P. maculiventris exhibiting this behavior in analogous lab trials that involved a training
regime, but I am unclear on why this occurs and, to my knowledge, stylet extension is not
reported in other studies on the foraging behavior of predaceous heteropterans.

3.4.1 Consequences of plant diversity for predator foraging
Root’s classic enemies’ hypothesis (Root 1973) originally proposed that plant
diversity enhances top-down pressure on herbivores due to increased abundance of
alternative prey or non-prey foods such as pollen and nectar. Indeed, some studies reveal
that complex habitats (i.e., higher plant diversity) harbor more predators (Langellotto and
Denno 2004) and there is a widespread belief that plant diversity facilitates herbivore
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predation or parasitism. However, a smaller number of studies consider the potentially
disruptive effect that such diversity has on natural enemy foraging ecology (Waschke et
al. 2013). The rationale is that insect orientation to olfactory stimuli—HIPVs in the case
of natural enemies—is more challenging and/or less accurate in chemically complex
environments where neighboring plant odors mask the volatiles released by an insectdamaged plant (Zhang and Schlyter 2004; Randlkofer 2010). Although this concept is
widely used to explain host-plant colonization in herbivorous insects and the success of
strategies such as intercropping, it is rarely invoked when considering how plant diversity
affects the capacity of predators to control prey populations. Herbivores and predators
presumably use a similar or identical chemosensory process in following odor plumes
and thus if neighboring plant volatiles disrupt herbivore host-plant finding, we expect the
same to occur for predators seeking prey.
Following this assumption, we predicted that the addition of basil to our foraging
arenas would reduce caterpillar predation on tomato. Yet, plant diversity was the only
factor, among the three tested, that did not affect any of our response variables. While
basil was selected because it is a highly aromatic plant that, at least to humans, provides a
strong and distinctive odor, this may not be the most important factor determining when a
plant camouflages its neighbor. It seems intuitive that aromatic or pungent smelling
plants elicit stronger disruptive effects on insect orientation behavior, but this prediction
has received little empirical support with herbivores (Finch et al. 2003). The degree to
which two plants overlap in their volatile blend may be a more important consideration.
Basil volatiles are dominated by linalool, methyl chavicol, eugenol, bergamotene and
methyl cinnamate (Klimankova et al. 2007), while tomato is characterized by linalool,
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β-phellandrene, β-ocimene, β-caryophyllene and MeSA. The last two compounds are
HIPVs, increasing when tomato is under attack (Ament et al. 2004). Given that the only
compound shared by tomato and basil is constitutive linalool, the largely unique scent
profiles of these two plants could make it relatively easy for P. maculiventris to
distinguish the signal (tomato HIPVs) from the noise (basil volatiles). A similar outcome
was documented for adult hawkmoths, M. sexta, nectaring at Datura flowers. In the
presence of unique background volatiles, moths could easily find flowers, but when
confronted with benzaldehyde, a volatile emitted by Datura, moths were far less
successful at navigating to flowers (Riffell et al. 2014).
Considering that basil is an effective repellent against tomato pests such as the
silver leaf whitefly Bemisia tabaci (Carvalho et al. 2011) and the greenhouse whitefly
Trialeurodes vaporariorum (Parolin et al. 2015), my data indicate that basil is an
effective companion plant for tomato, deterring pests without compromising predatorprey relationships.

3.4.2 Consequences of MeSA for predator foraging
Despite the fact that basil did not affect stinkbug-hornworm interactions,
interestingly, synthetic MeSA had a strong negative impact, reducing predation rates by
22% compared with MeSA-free arenas. MeSA is the most widely used predator attractant
(James and Price 2004; Rodriguez-Saona et al. 2011, 2012; Kelly et al. 2014), but this is
the first study, with either MeSA or any other HIPV, to test how short-range exposure
affects prey-finding. Theoretical work has warned that the benefits of increased predator
density due to greater immigration and retention under constitutive HIPV exposure could
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be offset by lower individual predation rates, resulting in no net change in top-down
pressure on herbivores (Puente et al. 2008; Kaplan 2012; Kaplan and Lewis 2014). My
data now demonstrate that this is in fact a likely outcome; however, my experiment was
not designed to assess this trade-off since, unlike other studies, I used a closed system
where immigration/emigration were prevented and predator density was fixed at a single
level. It still may be possible that the increase in natural enemy abundance from
recruitment to synthetic HIPV lures is large enough in magnitude to account for weaker
per-capita effects. This balance between numerical and functional responses needs to be
carefully considered in future work on this topic, which overwhelmingly focuses on
beneficial insect retention without considering the downsides of reducing pest
consumption on an individual basis.
Considering that basil and MeSA are similar manipulations, in that both
treatments involve infusing the tomato environment with alternative and potentially
disruptive odors, I expected that the system would respond the same to the two
treatments. Several differences are apparent when comparing basil with MeSA that could
explain their differential effects. For one, as noted in the above section, unlike basil
volatiles, MeSA is a key component of the tomato HIPV blend used by predators (Ament
et al. 2004, 2010). This supports the idea that infusing an area with a shared volatile may
be more disruptive for a predator than a set of unique volatiles that are easier to recognize
and ignore as background odor. I consider this a likely explanation for why these
treatments differed; however, the mechanism explaining how MeSA reduced predation is
still unclear. A recent study that deployed MeSA on tomato plants under greenhouse
conditions elicited resistance to small M. sexta, which affected the performance of these
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caterpillars (Rowen et al. 2017). The same mechanism may indirectly cause the reduction
in predation rates observed in my MeSA treatment. On the other hand, the receptors for
non-pheromonal odorants can lose selectivity when overexposed to these substances
(Bruce and Pickett 2011), or predators may become habituated to MeSA, reducing their
response to “real” MeSA emitted from wounded tomato leaves. In many ways, this
phenomenon is analogous to mating disruption, where an area is flooded with synthetic
sex pheromone, which can control pests via several mechanisms such as following false
leads (Witzgall et al. 2008). It is clear that insects habituate to context-dependent
semiochemicals when presented and overstimulated with these cues outside of their
normal, ephemeral appearance. For example, the aphid Myzus persicae lost
responsiveness to their alarm pheromone, (E)-β-farnesene, when continuously reared on
transgenic Arabidopsis plants that constitutively emit this compound (de Vos et al. 2010).
A few other differences are worth noting that could have affected the difference
between the two volatile treatments. MeSA was deployed as a point-source odor, whereas
basil was widely interspersed throughout the cage. However, I would expect the latter
spatial distribution to lead to correspondingly stronger effects, which was not the case.
Also, it is well-known that the odor discrimination process carried out by insects depends
on variables, such as the ratio and concentration of the chemical elements (NajarRodriguez et al. 2010). Clearly, MeSA is a simpler scent compared with basil volatiles,
but this compound is also released at a high rate from synthetic sachets. Nevertheless, my
concentration (2 mL of MeSA in 10µg/µL) is lower than the commercial MeSA lure
(PredalureTM), which uses a particularly high release rate (35 mg/day in the field;
Rodriguez-Saona et al. 2011).
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3.4.3 Conclusions and applications
As a whole, my work reveals three important conclusions that affect how we use
predators in agriculture. Because my statistical analyses uncovered no interactions among
factors, these conclusions are largely independent of one another. First, according to my
data, crop diversity is compatible with biocontrol; it neither enhances nor detracts from
predator function. However, this experimental design was solely used to test short-term
hunting efficiency for prey. In the field, plant diversity is likely to have benefits that were
not quantified here since basil did not provide additional resources for P. maculiventris
(e.g., alternative prey, pollen, nectar). Thus, from a system-specific perspective, basil is
compatible as a companion planting with tomato, assuming it effectively repels pests as
reported. Second, using constitutive HIPVs to attract predators can interfere with
biocontrol. This is relevant to both synthetic volatiles that are artificially augmented in
fields or with GMO crops with altered odor profiles (e.g., Bruce et al. 2015).
Unfortunately, there is no simple or easy solution to this dilemma. Persistent exposure to
context-dependent chemicals is likely to always result in detrimental effects on species
interactions. Perhaps turning these signals on and off would allow for some degree of
compromise between the advantages and drawbacks. Future studies would also benefit
from testing the signal-sharing hypothesis to determine which volatiles camouflage plants
vs. those that can be filtered by insects. Last, my data on learning have important
implications for how we use biocontrol agents in augmentation. Naïve predators are
clearly inferior to trained individuals in hunting pests. It is possible that mass-released
naïve predators will eventually learn “on their own” post-release, but in most cases these
beneficial insects are deployed to suppress an imminent pest outbreak, in which case
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learning-mediated time lags are undesirable. Protocols should be developed to find
optimal techniques for rapidly and effectively training large numbers of predators or
parasitoids. This could be particularly advantageous if augmented generalist predators
were able to learn the cues of their target pest beforehand, making them polyphagous at a
species or population level, yet more specialized and adaptable to the crop-pest complex
used in each unique release.
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0.042
0.05
1.4288
0.117
0.125
1.2551
0.067
0.142

0.482
<0.001***
0.062
0.006**
0.089
<0.001***
0.232
0.262

p -value

Table 3.1 χ2 test for equality of proportions for eight P. maculiventris behavioral units displayed by experienced and
naïve nymphs foraging in environments with/without MeSA. Proportions are based on the behavior displayed by
stink bug nymphs (N = 480) twelve hours after being released in the field. A scan sampling was performed. Eight
behavioral units were recorded: (1) ANT—antennal vibration, (2) EAT—handling and eating the prey, (3) FOR—
foraging, walking, and moving the antenna at the same time, (4) STAT—stationary, motionless, (5) WALK—
walking, (6) STY—stylet extension, (7) DEAD—dead, and (8) MISS—missing individuals. Asterisks (*P < 0.05,
**P < 0.01, ***P < 0.001) indicate significant differences.

Naïve nymphs

Abbrev.

Behavior
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Figure 3.1 Schematic of the experimental design. Podisus maculiventris nymphs were exposed to a
conditioning phase to develop attraction towards tomato-associated cues. After being conditioned, the
foraging strategy of naïve and experienced nymphs was observed and evaluated in four foraging arenas: (A)
Simple environments—tomato alone, (B) Complex environments—tomato interspersed with basil, (C) Simple
environments with HIPV exposure—cages with tomato and synthetic MeSA, and (D) Complex environments
with HIPV exposure—cages with tomato interspersed with basil and synthetic MeSA.
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Figure 3.2 Number (mean + SE) of prey eaten by experienced and naïve P. maculiventris
12 h after being released in field cages under four conditions: Simple (cages with tomato
alone), Complex (cages with tomato interspersed with basil), Simple+MeSA (cages with
tomato and synthetic MeSA), and Complex+MeSA (cages with tomato interspersed with
basil and synthetic MeSA). Lowercase letters indicate significant differences (P < 0.05)
between naïve and experienced predators. Uppercase letters indicate significant
differences (P < 0.05) between treatments with vs. without synthetic MeSA.
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Figure 3.3 Number (mean + SE) of experienced and naïve P. maculiventris stationary on
tomato-damaged plants twelve hours after being released in field cages under four
conditions: Simple (cages with tomato alone), Complex (cages with tomato interspersed
with basil), Simple+MeSA (cages with tomato and synthetic MeSA), and
Complex+MeSA (cages with tomato interspersed with basil and synthetic MeSA).
Lowercase letters indicate differences (P < 0.05) between naïve and experienced
predators, whereas uppercase letters denote significant differences (P < 0.05) between
treatments with vs. without synthetic MeSA.

Figure 3.4 Conditional inference tree for the behavioral repertoire displayed by P. maculivetris nymphs 12 hours after
being released in field cages (N = 480). Bars show the proportion of behaviors exhibited by predators. They were
grouped into terminal nodes conforming to the effect of 1. Learning level: experienced (+) vs. naïve (-); and 3.
Constitutive HIPV exposure: MeSA present (+) vs. MeSA absent (-). Plant diversity did not have any effect on these
distributions and therefore it was excluded from the model. For each inner node, Bonferroni-adjusted p-values are given.
Asterisks (*P < 0.05) indicate significant differences in behavioral units displayed by predators in each foraging arena.
Behavior abbreviations are as follows: (1) ANT—antennal vibration, (2) EAT—handling and eating the prey, (3) FOR—
foraging, walking, and moving the antenna at the same time, (4) STAT—stationary, motionless, (5) WALK—walking,
and (6) STY—stylet extension.

104

105
3.5 Literature Cited
Altmann J (1984) Observational sampling methods for insect behavioral ecology. The
Florida Entomologist 67:50-56
Ament K (2004) Jasmonic acid is a key regulator of spider mite-induced volatile
terpenoid and methyl salicylate emission in tomato. Plant Physiology 135:2025-2037
Ament K, Krasikov V, Allmann S, Rep M, Takken F, Schuurink R (2010) Methyl
salicylate production in tomato affects biotic interactions. The Plant Journal
62:124-134
Ardanuy A, Albajes R, Turlings T (2016) Innate and learned prey-searching behavior in a
generalist predator. Journal of Chemical Ecology 42:497-507
Bernays E (2001) Neural limitations in phytophagous insects: implications for diet
breadth. Annual Review of Entomology 46:703-727
Bomford M (2009) Do tomatoes love basil but hate brussels sprouts? Competition and
land-use efficiency of popularly recommended and discouraged crop mixtures in
biointensive agriculture systems. Journal of Sustainable Agriculture 33:396-417
Broz A, Broeckling C, De-la-Peña C, Lewis M, Greene E, Callaway R, Sumner L,
Vivanco J. (2010). Plant neighbor identity influences plant biochemistry and
physiology related to defense. BMC Plant Biology 10:1-15
Bruce T, Pickett J (2011) Perception of plant volatile blends by herbivorous insects:
Finding the right mix. Phytochemistry 72:1605-1611
Bruce T, Gudbjorg A, Smart, L, Martin J, Caulfield J, Doherty A, Sparks C, Woodcock
C, Birkett M, Napier J, Jones H, Pickett J. (2015). The first crop plant genetically
engineered to release an insect pheromone for defense. Scientific Reports 5:1-9

106
Carvalho M, Bortolotto O, Ventura U (2011) Aromatic plants affect the selection of host
tomato plants by Bemisia tabaci biotype B. Entomologia Experimentalis et
Applicata 162:86-92
Charnov E (1976) Optimal foraging theory: the marginal value theorem. Theoretical
Population Biology 9:129-136
Collier T, Steenwyk RV (2004) A critical evaluation of augmentative biological control.
Biological Control 31:245-256
De Boer J, Dicke M (2006). Olfactory learning by predatory arthropods. Animal Biology
56:143-155
De Vos M, Cheng W, Summers H., Raguso R, Jander G. (2010). Alarm pheromone
habituation in Myzus persicae has fitness consequences and causes extensive gene
expression changes. Proceedings of the National Academy of Sciences of the United
States of America 107:14673-14678
Dicke M, Sabelis M (1988) How plants obtain predatory mites as bodyguards.
Netherlands Journal of Zoology 38:148-165
Dicke M, de Boer J, Hofte M, Rocha-Granados M (2003) Mixed blends of herbivoreinduced plant volatiles and foraging success of carnivorous arthropods. Oikos
101:38-48
Dicke M, Baldwin I (2010) The evolutionary context for herbivore-induced plant
volatiles: beyond the “cry for help.” Trends in Plant Science 15:167-175
Dickens J (1999) Predator-prey interactions: olfactory adaptations of generalist and
specialist predators. Agricultural and Forest Entomology 1:47-54

107
Drukker B, Bruin J, Sabelis M (2000) Anthocorid predators learn to associate herbivoreinduced plant volatiles with presence or absence of prey. Physiological Entomology
25:260-265
Dukas R (2008) Evolutionary biology of insect learning. Annual Review of Entomology
53:145-60
Finch S, Billiald H, Collier R (2003) Companion planting: do aromatic plants disrupt
host-plant finding by the cabbage root fly and the onion fly more effectively than
non-aromatic plants? Entomologia Experimentalis et Applicata 109:183-195
Glinwood R, Ahmed E, Qvarfordt E, Ninkovic V (2011) Olfactory learning of plant
genotypes by a polyphagous insect predator. Oecologia 166:637-647
Halaj J, Wise D (2001) Terrestrial trophic cascades: how much do they trickle? The
American Naturalist 157:262-281
Hassell M, Southwood T (1978) Foraging strategies of insects. Annual Review of
Ecology and Systematics 9:75-98
Heil M (2008) Indirect defense via tritrophic interactions. New Phytologist 178:41-61
Hough-Goldstein J, McPherson D (1996) Comparison of Perillus bioculatus and Podisus
maculiventris (Hemiptera:Pentatomidae) as potential control agents of the Colorado
potato beetle (Coleoptera:Chrysomelidae). Journal of Economic Entomology
89:1116-1123
Ishii Y, Shimada M (2009) The effect of learning and search images on predator–prey
interactions. Population Ecology 52:27-35
James D, Price T (2004. Field test of methyl salicylate for recruitment and retention of
beneficial insects in grapes and hops. Journal of Chemical Ecology 30: 1613-1628

108
Janssen A, Fonseca J, Colares F, Silva L, Pedrosa A, Lima E, van Wijk M, Pallini A,
Oliveira C, Sabelis M, Lesna I (2014) Time scales of associating food and odor by
predator communities in the field. Behavioral Ecology 25:1123-1130
Kaplan I (2012) Attracting carnivorous arthropods with plant volatiles: the future of
biocontrol or playing with fire? Biological Control 60:77-89
Kaplan I, Lewis D (2014) What happens when crops are turned on? Simulating
constitutive volatiles for tritrophic pest suppression across an agricultural landscape.
Pest Management Science 71:139-150
Kelly J, Hagler J, Kaplan I (2014) Semiochemical lures reduce emigration and enhance
pest control services in open-field predator augmentation. Biological Control
71:70-77
Klimankova E, Holadova K, Hajslova J, Cajka T, Poustka J, Koudela M (2008) Aroma
profiles of five basil (Ocimum basilicum L.) cultivars grown under conventional and
organic conditions. Food Chemistry 107:464-472
Kost C, Heil M (2006) Herbivore-induced plant volatiles induce an indirect defense in
neighboring plants. Journal of Ecology 94:619-628
Kruidhof H, Roberts A, Magdaraog P, Muñoz D, Gols R, Vet L, Hoffmeister T, Harvey J
(2015) Habitat complexity reduces parasitoid foraging efficiency, but does not
prevent orientation towards learned host plant odours. Oecologia 179:353-361
Langellotto G, Denno R (2004) Responses of invertebrate natural enemies to complexstructured habitats: a meta-analytical synthesis. Oecologia 139:1-10
Lewis W, Tumlinson J (1988) Host detection by chemically mediated associative
learning in a parasitic wasp. Nature 336:403-405

109
Montemayor C, Cave R (2011) Development time and predation rate of Podisus
maculiventris (Hemiptera: Pentatomidae) feeding on Microtheca ochroloma
(Coleoptera: Chrysomelidae). Environmental Entomology 40:948-54
Najar-Rodriguez A, Galizia C, Stierle J, Dorn S (2010) Behavioral and
neurophysiological responses of an insect to changing ratios of constituents in host
plant-derived volatile mixtures. The Journal of Experimental Biology
213:3388-3397
Obermaier E, Heisswolf A, Poethke H, Randlkofer B, Meiners T (2008) Plant
architecture and vegetation structure: Two ways for insect herbivores to escape
parasitism. European Journal of Entomology 105:233-240
Papaj D, Prokopy R (1989) Ecological and evolutionary aspects of learning in
phytophagous Insects. Annual Review of Entomology 34:315-350
Papaj D, Vet L (1990) Odor learning and foraging success in the parasitoid, Leptopilina
heterotoma. Journal of Chemical Ecology 16:3137-3150
Parolin P, Poncet C, Suay-cortez R, Van Oudenhove L (2015) Testing basil as banker
plant in IPM greenhouse tomato crops. International Journal of Pest Management
61:235-243
Puente M, Kennedy G, Gould F (2008) The impact of herbivore-induced plant volatiles
on parasitoid foraging success: A general deterministic model. Journal of Chemical
Ecology 34:945-958
Randlkofer B, Obermaier E, Hilker M, Meiners T (2010) Vegetation complexity: the
influence of plant species diversity and plant structures on plant chemical
complexity and arthropods. Basic and Applied Entomology 11:383-395

110
Riffell J, Shlizerman E, Sanders E, Abrell L, Medina B, Hinterwirth A, Kutz J (2014)
Flower discrimination by pollinators in a dynamic chemical environment. Science
344:1515-1518
Rim H, Uefune M, Ozawa R, Yoneya K, Takabayashi J (2017) Experience of plant
infestation by the omnivorous arthropod Nesidiocoris tenuis affects its subsequent
responses to prey-infested plant volatiles. BioControl 62:233-242
Rodriguez-Saona C, Kaplan I, Braasch J, Chinnasamy D, Williams L (2011) Field
responses of predaceous arthropods to methyl salicylate: a meta-analysis and case
study in cranberries. Biological Control 59:294-303
Rodriguez-Saona C, Blaauw B, Rufus I (2012) Manipulation of natural enemies in
agroecosystems: habitat and semiochemicals for sustainable insect pest control. In:
Soloneski S, Larramendy M (eds.) Integrated pest management and pest control,
current and future tactics. InTech, London, pp 89-126
Root R (1973) Organization of a plant-arthropod association in simple and diverse
habitats: the fauna of collards (Brassica oleracea). Ecological Monographs
43:95-124
Schoener TW (1971) Theory of feeding strategies. Annual Review of Ecology and
Systematics 2:369-404
Rowen E, Gutensohn M, Dudareva N, Kaplan I (2017) Carnivore attractant or plant
elicitor? Multifunctional roles of methyl salicylate lures in tomato defense. Journal
of Chemical Ecology 43:573-585

111
Salamanca J, Souza B, Lundgren JG, Rodriguez-Saona C (2017) From laboratory to
field: electro-antennographic and behavioral responsiveness of two insect predators
to methyl salicylate. Chemoecology 27:51-63
Steidle J, Van Loon J (2003) Dietary specialization and infochemical use in carnivorous
arthropods: Testing a concept. Entomologia Experimentalis et Applicata
108:133-148
Strasser H, Weber C (1999) On the asymptotic theory of permutation statistics. Adaptive
information systems and modelling in economics and management science.
Mathematical Methods and Statistics 8:220-250
Waddill V, Shepard M (1975) A comparison of predation by the pentatomids, Podisus
maculiventris (Say) and Stiretrus anchorago (F.) on the Mexican bean beetle,
Epilachna varivestis Mulsant. Annals of the Entomological Society of America
6: 1023-1027
Waschke N, Mainers T, Rostas M (2013) Foraging strategies of parasitoids in complex
chemical environments. In: Wajnberg E, Colazza S (eds). Recent advances in
chemical ecology of insect parasitoids. John Wiley and Sons, Hoboken, New Jersey,
pp 37-63
Waschke N, Hardge K, Hancock, C, Hilker M, Obermaier E (2014) Habitats as complex
odour environments: How does plant diversity affect herbivore and parasitoid
orientation. PLoS ONE 9:1-10
Wiedenmann R, O’Neil R (1991a) Searching behavior and time budgets of the predator
Podisus maculiventris. Entomologia Experimentalis et Applicata 60:83-93

112
Wiedenmann R, O’Neil R (1991b) Laboratory measurement of the functional response of
Podisus maculiventris (Say) (Heteroptera: Pentatomidae). Environmental
Entomology 20:610-614
Witzgall P, Stelinski L, Gut L, Thomson D (2008) Codling moth management and
chemical ecology. Annual Review of Entomology 53:503-522
Zhang Q, Schlyter F (2004) Olfactory recognition and behavioural avoidance
of angiosperm nonhost volatiles by conifer-inhabiting bark beetles. Agricultural and
Forest Entomology 6:1-19

113

DISCUSSION

This study has contributed to enhancing our understanding of associative learning in
predatory arthropods; specifically, the ecological and physiological factors that modulate
this process and its implications in agricultural systems. Taken together, nine conclusions
can be extracted from the results:
(1) Learning modifies the behavioral response displayed by predators towards
relevant or novel cues. This mechanism increases the capability of individuals to
adjust their preferences according to the information acquired, which likely
enhances their efficiency in locating and capturing prey.
(2) Olfactory learning changes across a predator’s lifetime. Adults and nymphs
differ in their ability to establish associations between independent stimuli in
order to create complex memories. This means that cognitive aging, a
phenomenon widely studied in other organisms, is present in insects and likely
affects the way in which these individuals interact with the environment
throughout their development.
(3) Simple forms of associative learning can be quantified at a neurophysiological
level. Indeed, neural circuits involved in this cognitive process have already been
identified; however, more work is needed to unravel the neural processes
associated with olfactory processing.
(4) Learning and memory should be closely adapted to the predator’s environment in
order to provide ecological advantages. Predators learn and retain this information
for about a week, which means that they are able to recall olfactory templates for
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a relatively long period. How quickly these templates are replaced by other
memories is unknown, but must be evaluated to better understand this process.
(5) The fact that it is possible to create laboratory protocols to characterize some
forms of experience-dependent behaviors makes it feasible to determine to
what extent decision making processes are affected by learning. By employing
these protocols, comparisons between individuals with different learning
experiences are favored and therefore, it is easier to understand how the
information is processed.
(6) It has been assumed that learning olfactory cues associated with prey-presence
should be adaptive for generalist predators that process diverse and variable
information to locate prey. Certainly, predators learn and adjust their olfactory
preference with a single positive experience. How this process is shaped across
generations and what its effect is on fitness are questions that remain unanswered.
(7) From an applied point of view, this study has shown that intercropping is
compatible with biocontrol as long as the disruptive/attractive effects of the
designated crops suit the olfactory preferences of the control agents.
(8) Developing conditioning protocols to train natural enemies and thus enhance their
ability to suppress prey can be an effective way to improve the beneficial effects
of predators in augmentation biocontrol.
(9) The continuous emission of synthetic herbivore induced plant volatiles in the
absence of prey may promote aversion to these compounds. Therefore, a natural
progression of this work is to evaluate how negative feedbacks (reinforcements)
affect predator olfactory preferences.
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APPENDIX A

Table A.1 Podisus maculiventris behavioral units. Ten predators, randomly selected, were recorded ad
libitum for 15 minutes intervals. This, to recognize relevant behaviors associated to foraging. Five
behavioral units were identified: (1) ANT—antennal vibration, (2) FOR—foraging, walking and moving
the antennae at the same time, (3) STAT—stationary, motionless, (4) WALK—walking, and (5) STY—
stylet extension, a rare behavior pattern (i.e., predators lift their stylet and hold it for a few minutes in an
extended position). Rows and columns correspond to observed behaviors. Each behavior that occurs in a
row was followed by the behavior displayed in a column (adapted from Lehner 1996).
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STY
TOTAL

ANT
148

STA
568
79

150
258
132

110
296

147
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TOTAL
854
525
368
575

416

18
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Figure A.1 Diagram of transitions in P. maculiventris foraging behavior. The number
and thickness of each arrow represent the frequency of the transition between different
behavioral units.
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APPENDIX B

Table B.1 Summary of a generalized linear model (GLM) fit by maximum likelihood
used to analyze the effect of conditioning P. maculiventris nymphs to MeSA over time.
At 48 hours post-conditioning, different individuals were tested for olfactory preferences
each day for one week in a two-way choice arena (MeSA vs. control). This was done to
control for the possibility that insects may habituate to MeSA if they are exposed
repeatedly to this odor in each test. The days that predatory nymphs retained their
preference to MeSA are shown. Insects that did not make a choice (no preference) were
excluded from the analysis; thus, n = responding individuals (nsP > 0.05; *P < 0.05; **P
< 0.01; ***P < 0.001).

Day

n

|z |-value

Pr(>|z |)

3
4
5
6
7
8
9

112
94
85
82
58
56
47

17.23
16.13
16.55
7.62
0.22
0.006
0.014

p <0.001***
p <0.001***
p <0.001***
p =0.005**
p =0.635
p =0.936
p =0.902
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Red congo

Figure B.1 P. maculiventris dissected after having ingested hemolymph stained with
Congo red. This was done to corroborate that during conditioning, predators were feeding
while exposed to the target odor (MeSA).
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